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Abstract
Millions of people falling ill annually due to viral infections caused after the consumption of con-
taminated water or food. The fact that industrialized countries with high hygienic standards are 
also affected by water- and food-borne viral diseases indicates that the water purification and 
food control systems that are implemented are not sufficient to combat all viruses or do not co-
ver all transmitting pathways. The advancing globalization and increased exchange of goods has 
further elevated the risk of contamination. For instance, there was a huge outbreak of norovirus 
in German schools due to infected strawberries imported from China. Food vehicles that were 
earlier in contact with contaminated water suppliers transmit most of the Norovirus. Considering 
this transmission pathway, there is a high interest for such materials or systems that can effi-
ciently bind viruses with high affinity directly from environmental water or from the food vehicle. 
Besides the removal of the virus from water and food, the detection of viruses during the food 
preparation or in the water source will help determine the source of contamination, leading to 
an improvement in safety. For both the removal and detection, binding of the viruses is required. 
The best known way to bind viruses is using antibodies. However, their application is limited due 
to their fragility. Therefore, the solution would be to use materials with the binding properties of 
antibodies based on organically functional groups and the stability of inorganic materials. Such 
a material can be acquired from the so-called organic-inorganic hybrid materials. 
Organic-inorganic hybrid materials are most suitable to provide a system for rapid and specific 
detection of viral contaminants directly in the environment. They are provided with a surface that 
has the properties of (bio)-organic molecules for specific binding, while their core substance is 
inorganic, providing the required stability to resist environmental factors over a long period of 
time. Among the large number of hybrid materials, silica, with organic functional groups, is one 
of the few that come closest to having the properties of antibodies in terms of binding. Further-
more, there are a number of ways to modify silica. On the one side, silica can be easily synthe-
sized in different forms. On the other side, silica can be easily equipped with a broad range of 
compounds, from organic molecules to complete biomolecules. These modifications in silica are 
possible by controlled building-up of silica at the molecular level. The desired building blocks 
can be linked like Lego blocks to form various sophisticated and functionalized silica structures. 
This principle allows us to synthesize multi-functional silica that specifically binds viral conta-
minants as well as generates a signal that visualizes the binding directly. Such multi-functional 
silica was prepared in the frame of this work.
By applying different well-known techniques for functionalizing silica, such as molecular im-
printing and entrapment, it was demonstrated the preparation of an artificial virus-recogniti-
on material with an integrated detection system, allowing the direct visualization of the virus 
binding. Molecular imprinting is suited to generate artificial recognition surfaces that overtake 
antibodies in terms of stability. By combining surface imprinting with nanoparticles, the high sur-
face-area-to-volume ratio of nanoparticles provides a high number of recognition sites, also cal-
led imprints, for the specific binding of the previously imprinted virus. In the frame of this work, 
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norovirus-like particles as safe replacement for the human pathogen norovirus were successfully 
imprinted and thereby, also provided crucial information for further development of silica-based 
molecular imprinting in general. 
To use these imprinted particles for detection as well, they were equipped with two different de-
tection systems that were integrated with the binding site, generating a visible signal accordingly 
to target concentration. 
First, silica particles were equipped with a biocatalytic layer that contained a signal-generating 
enzyme, which was covered by a recognition layer. It was assumed that covering the biocatalytic 
layer with the recognition layer would form a connection between the enzymatic activity and the 
virus binding. This connection was based on the concept that the recognition layer limits the 
transport of substrate to the enzyme except where the imprints are. As a result of this, occupa-
tion of the imprints causes a decrease in the enzymatic activity. This concept was demonstrated 
using acid phosphatase as the signal-generating enzyme and norovirus-like particles for imprin-
ting. The activity of the biocatalytic layer could be followed via colorimetric assay and depended 
on the amount of bound norovirus-like particles. This result proves this read-out system over 
steric inhibition of the substrate uptake, which represents a straightforward detection system for 
viruses.
The second detection system was based on a fluorescence signal emitted by a dye that was 
site-specifically integrated in the binding site. The relation between the fluorescence intensity 
and virus binding was based on the concept that the bound viruses quench the signal of the 
fluorescent dye, allowing a direct display of the virus binding over the quenching intensity. To 
enable sufficient quenching, an inactive version of the dye was first integrated and then activated 
site-selectively, mainly in the imprints. This concept was demonstrated using fluorescein and its 
inactivated version, fluorescein diacetate, as the signal-generating dye and norovirus-like par-
ticles for imprinting. The so-prepared imprinted fluorescent particles showed a fluorescent sig-
nal depending on the amount of bound norovirus-like particles. This result proves this read-out 
system over fluorescent without the addition of external compounds, such as substrate, which 
represents another straightforward detection system for viruses.
In summary, the application of different tools was demonstrated to prepare multi-functional silica 
for detection, and which is not limited to silica particles but could be used to functionalize diffe-
rent surfaces for the purpose of detection and in water-purification systems.
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1    Overview and scope of thesis
1.1   Background
Water- or food-borne diseases are often associated with bacteria such as salmonella, campylo-
bacter or cholera. However, the advancement in detecting pathogens in water and food revealed 
that viruses cause an increasing number of these diseases. The recent estimate from the World 
Health Organization (WHO) has concluded that viruses contribute substantially to the global 
burden of food-borne diseases. Recognized as priority above all food-borne pathogens are no-
roviruses (NorV) in industrialized countries and hepatitis A virus (HAV) in developing countries.1-3
In the case of both viruses, only a small number of virus particles are required to spread an infec-
tion, leading to huge outbreaks due to their easy transfection from person-to-person. However, 
the primary source of such outbreaks has often been the consumption of contaminated food or 
water. Outbreaks associated with NorV have been linked to the consumption of contaminated 
food vehicles4-6 such as seafood (e.g., oysters7,8) and fruits (e.g., raspberries9 and strawberries). 
Most of the NorV-transmitting food vehicles have at some point been in contact with contami-
nated water supplies. For instance, fruits are contaminated during fruit production, while oysters 
accumulate NorVs from the sea as they filtrate the water for nutrients and oxygen. Purification 
treatments after harvest have not been efficient enough to prevent the occurrence of NorV out-
breaks. Therefore, the path of NorV from the environment water to the plantations or the sea is 
one crucial aspect to be considered for an efficient risk management. 
Considering this virus transmission through water supplies, there is a high interest to remove or 
detect virus particles in environmental water for disease prevention. In this context, the ultimate 
goal is to develop a material or system that specifically binds and differentiates various patho-
gens, and is inexpensive, quick and simple to use so as to encourage widespread application. 
In terms of specificity and sensitivity, biological receptors such as antibodies are very attractive 
recognition elements. But they are usually high priced, have low stability and are intolerant to 
environmental conditions. Therefore, they cannot be used at a wider scale or directly in environ-
mental water, limiting the coverage of virus monitoring. 
Alternatively, similar binding properties can be obtained with antibody-like synthetic materials 
such as molecularly imprinted polymers (MIPs). MIPs have been considered as potential alter-
natives to antibodies for a variety of applications such as purification, separation and sensing. In 
contrast to their biological counterparts, molecularly imprinted materials comprise high mecha-
nical and chemical stability, ease of preparation and potential re-usability.
Among the different MIPs, silica-based MIPs feature many advantages for building artificial an-
tibodies for protein and virus binding. Silica, as an inorganic material, provides a stable carrier 
that is known to be highly biocompatible due to its hydrophilic surface. Furthermore, it can be 
equipped with functional groups, mimicking the binding properties of antibodies. 
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In 2012, Cumbo and Shahgaldian demonstrated the synthesis of silica particles as artificial ma-
terial for binding viruses with high affinity and specificity.10 However, for detecting the virus bin-
ding, they still depended on reference methods to find the concentration of non-bound viruses 
in the solution. 
To transduce the binding event to a visible signal, the imprinted silica particles need to be com-
bined with a transduction system. The different approaches to form and modify silica allow us to 
equip the particles with an intrinsic transduction system that allows one-step detection and does 
not require the addition of external components. Therefore, such intrinsic transduction systems 
open up new applications for virus binding materials.
 
1.2   Main objective of this work
The research work carried out in the frame of this PhD thesis aimed at developing novel de-
tection systems that are constructed at the nanometer scale. These systems were based on 
virus-imprinting on the surface of silica particles and was demonstrated on plant viruses.10 The 
plant virus-imprinted particles showed artificial binding sites that were proven to be highly affine 
and specific to the template virus. 
In this work, silica particles were functionalized with the binding site for virus recognition as well 
as with two different transduction systems that were directly integrated in the particles. The stu-
dy focused on the following three aims:
1.  Providing a standard protocol for imprinting human pathogen viruses;
2.  Building two intrinsic transduction systems;
3.  Providing the proof of concept for the correlation between virus quantity and signal change.
The virus detection systems based on artificial binding sites are of particular interest in medical 
diagnostics for point-of-care diagnostics or mobile detection devices. Therefore, these detection 
systems should be applicable for human pathogen viruses. To overcome the challenges associ-
ated with the utilization of human pathogen viruses, because such viruses cause health hazards, 
the possibility to replace native viruses with virus-like particles (VLP) that possess the same 
structure as the original virus but deprived of genetic material was investigated. The model virus 
in this thesis was the human pathogen, Norovirus, replaced by virus-like particles (VLP). So, the 
first aim of this research was to adjust the protocol to synthesize virus-imprinted particles based 
on the properties of the Norovirus-like particle (NorVLP). 
At this point, it should be mentioned that due to the lack of standard protocols for imprinting, 
especially in case of protein imprinting, application of the protocols has been limited to a few 
molecules that could resist the imprinting conditions. However, our silica-based imprinting pro-
tocol uses the interactions of simple functional groups - hydroxyl (OH-) and amine (NH2-) groups 
- which are basis of hydrogen bonds that are commonly found in biomolecules. These hydrogen 
bonds allow binding of any biomolecule, including viruses. 
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Therefore, the protocol offers high potential to prepare artificial binding sites for a broad variety 
of viruses.   
Another aim of the thesis was to develop nanoparticles with an intrinsic transduction, allowing 
detection of the virus binding in one step. Detection without any further separation steps is a 
significant improvement for immunoassays and has been nearly exclusively possible only for 
biosensors with more complex transduction systems that are not commonly in use. In this work, 
two different strategies were followed to provide the transduction.  
A transduction system converts an invisible process (here, the binding of the virus) into a mea-
sureable signal. To achieve this conversion, various methods have been developed. In our trans-
duction systems, the model in principle was the routinely used enzyme-linked immunosorbent 
assay (ELISA). Its high throughput and easy detection system is based on an enzymatic reaction 
that generates an optical signal. In other immunoassays similar to ELISA, the enzyme is replaced 
with a fluorescent dye for improved sensitivity. Accordingly, both transduction systems are ba-
sed on optical signal-generating components: enzymatic reaction and fluorescent dye, respecti-
vely. The respective signal-generating component was integrated into the binding site to obtain 
a relation between the signal intensity and the virus concentration. The final aim of this work 
was to demonstrate that the presence of viruses in the imprints induces, directly or indirectly, a 
change in signal. 
The development of these two transduction systems provides new concepts for virus detection 
and imprinting. It also offers a broader knowledge of the functionalizing of silica at the nanometer 
scale, improving the attraction of the use of silica.
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2  Synthesis of functional materials with silica
2.1  Innovative functional materials
2.1.1 Learning from nature
Living organisms consist of “functional materials” built from small building blocks; for e.g., amino 
acids forming a functional protein, fatty acids forming a membrane or multiple cells forming an 
organ or tissue. Likewise organisms synthesize minerals, so-called biominerals, by polymerizing 
inorganic building blocks with biomolecules. Almost all of these biominerals are composite ma-
terials comprised of both mineral and organic components, forming an organic-inorganic hybrid 
material for a desired function. Biominerals are formed for a variety of functions such as provi-
ding mechanical support (e.g., skeleton), protection (e.g., bones, shells), orientation (e.g., otolith) 
and visual perception (e.g., eye lens).1
The formation of biominerals, also called biomineralization, can be described as a bottom-up 
process in which inorganic building blocks are polymerized under the regulation of an organic 
matrix including specific biomolecules. The remarkable feature of biomineralization is its excep-
tional control over the composition, structure, size and morphology, which gives the biomineral 
its functionality. The functional structures of biominerals are significantly more elaborate than 
their geological and synthetic counterparts, illustrating the superiority of the biomineralization 
process over abiotic mineral formation.2
For decades, the formation of materials in nature has inspired scientists to study biomineraliza-
tion processes and to mimic the process to engineer novel functional materials. In 1992, Philip 
Ball and Laura Garwin proposed that chemists have only to learn the basic mechanisms from 
nature and combine them with novel creative concepts.3 This has been implemented, for instan-
ce, in the form of so-called bioinspired approaches, which, among others, apply condensation 
of building blocks as well as self-assembly mechanism involving weak intermolecular forces.4-13
 
2.1.2 Hybrid materials
Inspired by nature, an increasing number of innovative functional materials are created through 
the association between organic components (i.e.: molecules, polymers) and inorganic compo-
nents (i.e.: transition metals) at the molecular level. The resulting organic-inorganic hybrid ma-
terials comprise properties that arise from the synergistic cooperation between the organic and 
inorganic components, which has found promising applications in several industrial fields.14-18
The organic-inorganic hybrid materials that can be found in the industry are significantly different 
from biominerals. Biominerals are formed due to the cooperation of biomolecules with minerals 
such as calcium carbonate, calcium phosphate and silica, while most of the hybrid materials in 
the industry are made of organic molecules with an amorphous network built up by transition 
metals (such as Sn, Ti, and Zr) or silicon (Si). 
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A straightforward method to prepare these networks is the sol-gel process, which is a simple 
bottom-up approach that yields amorphous networks through polymerization of alkoxides at 
low temperature. The resulting amorphous network can easily result in a wide variety of complex 
architectures due to the high density of crosslinks in variable direction. 
Depending on the direction of the polymerization, two overall structures19 can be distinguished: 
   •   Sol: A stable suspension of colloidal particles that are formed through radially orientated  
       polymerization.
   •   Gel: A porous three-dimensionally interconnected network that expands throughout a 
       solvent due to linearly orientated polymerization.
Among the components used for the preparation of sol-gels, silica has been of particular interest 
for scientists because it comprises some attractive features required for the generation of hybrid 
materials. First of all, the formation of silica networks can be easily controlled through synthesis 
conditions. Second, organic molecules, polymers and biomolecules, as well as whole cells, can 
be easily incorporated into the silica network. Because of these features, silica-based hybrid 
materials have found application in various fields, including chemical and biological sensors, 
separation technology, optical devices, and catalysis. Due to the high biocompatibility of silica, 
there is also a particular interest in the use of silica in biomedical engineering to integrate the 
engineered components into the biological environment.  
 
2.2 Silane-based sol-gel chemistry
In this section, the basics about the formation of silane networks and the sol-gel process are 
described. Some general methods to control the structure of silica are presented as well.
2.2.1 Silica
Silicon (Si) is the second most abundant element on earth. In the form of silicon dioxide or silica 
(SiO2), which is the main element of sand and quartz, it is the main component of the earth’s 
crust. Silica is made up of SiO4 tetrahedral units that form a network through linkages in up to 
four directions. Amorphous silica is a SiO2 network with variable Si–O–Si bond angles and Si–O 
bond distances.20, 21
Amorphous silica is also produced through biomineralization by some living organisms, espe-
cially when transparency is needed for instance for photosynthesis. The outstanding feature 
of biosilica is their incredible variety of sophisticated shapes, in which structure and function 
are optimized at different length scales. The formation of biosilica has been intensely studied 
in diatoms, which are unicellular algae with a porous silica shell. Their shell exhibits regularly 
arranged slits or pores in the size range between 10 nm and 1000 nm (Fig. 2.1).22, 23 The building 
of diatom silica from silicic acid is promoted by special biomolecules such as silaffins24-27, long-
chain polyamines28,29 and silacidins30. 
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Figure 2.1: Scanning electron microscopy images of the diatom Coscinodiscus sp.: A) com-
plete frustule, (B) external surface, (C) sieve pores on external surface and (D) internal surfa-
ce and pattern of large pores. [Reproduced with permission from ref. 23; Copyright by Elsevier.]  
These biomolecules fulfil two crucial functions9,10 for the silica formation: 
   1)   They induce or accelerate silica precipitation. 
   2)   They participate in pattern formation as structure-directing template. 
The function of these biomolecules has been mimicked to generate silica with specific structural 
and chemical compositions.31 For instance, a synthetic derivative of a naturally occurring silaffin 
protein is the silica-precipitating peptide R5. It can rapidly form a network of fused silica nanos-
pheres with a diameter of up to 500 nm.31,32 
Alternatively, silica can be formed via enzymes such as silicatein32 from a marine sponge, which 
are characterized through a high number of cationic amines. Accordingly, silica-formation can 
be catalysed by a wide range of amine-rich polypeptides such as polyethyleneimine34 and po-
ly-L-lysine35-37 as well as amine-rich proteins such as lysozyme38-40. For instance, cysteine-lysine 
block co-polypeptides were showed to self-assemble into structured aggregates that catalysed 
the formation of silica, while simultaneously directing the building of ordered morphologies.41
2.2.2 Condensation of alkoxysilanes 
Silicon-based hybrid materials are made from alkoxysilanes such as tetramethoxysilane (TMOS) 
and tetraethoxysilane (TEOS). In these compounds, the central silicon atom is attached cova-
lently via ester linkages between the silicic acid and the alkoxy-group. These compounds are 
used as molecular precursors that lead to an amorphous silica via the sol-gel process. 
The sol-gel process for silica involves two initial reaction steps (Fig. 2.2). The first step is the hy-
drolysis of the alkoxy-groups releasing the corresponding alcohol. The resulting hydroxyl-groups 
then undergo the condensation reactions, linking two SiO4 tetrahedral units. Continuation of the 
hydrolysis and condensation reaction with the remaining hydroxyl-groups results in the formati-
on of a silica network.19 
The shape and properties of the final silica network depend on the reaction conditions applied 
that affect the rate of the hydrolysis and condensation reaction as well as the position on which 
the reactions occur.
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Figure 2.2: Initial reaction steps in siliane condensation based on tetra-alkoxysilane 
The hydrolysis of alkoxysilanes requires a catalyst, which can be acidic, basic or nucleophilic.42 
As these catalysts have different mechanisms and reaction rates, the choice of the catalyst is 
decisive in the structure of the resulting silica. In acid-catalysed processes, the reaction rate 
decreases as more alkoxy-groups are replaced with hydroxyl groups because the positively 
charged transition state becomes less stabilized as the hydroxyl groups are less electron dona-
ting than the alkoxy-groups. Conversely, for the negatively charged transition state in the basic 
and nucleophilic-catalyzed reaction, more hydroxyl groups mean more stabilization of the tran-
sition state. Therefore, the hydrolysis occurs faster, leading to the successive hydrolyses of all 
four alkoxy-groups. As a result of the deprotonating rate, acid hydrolysis leads to largely linear 
structures, while base/nucleophilic hydrolysis leads to branched structures.42-44 
 
2.2.3 Formation of structured silica
An important requirement in the fabrication of advanced inorganic materials is control over the 
condensation direction to give the material its functional shape. Many factors affect the conden-
sation from the molecular level upwards, including concentration and properties of precursors, 
temperature, pressure, pH, and the presence of ions or other molecules. 
For instance, in basic conditions, silanes form cyclic oligomers early in the condensation pro-
cess. Other silane molecules condensate preferentially with these cyclic oligomers as they have 
a higher density of dissociated silanol groups. The cyclic oligomers thus become the core in the 
formation of spherical particles. In salt-free conditions, these particles can continue growing iso-
lated from each other due to their negatively charged surface, repelling other particles forming 
a sol. If salts or other charge species are added, then the repulsing surface charge is reduced, 
allowing interconnections among particles to form a dense network.20
There are an increasing number of approaches that combine different factors to spatially cont-
rol silane polycondensation at the nano- and meso-scale. Some of these approaches allow the 
formation of silica particles with a functional and highly reproducible shape, such as Stöber par-
ticles, mesoporous particles or hollow particles as illustrated in Fig. 2.3.45 
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Figure 2.3: Schematic representations of four kinds of spherical silica  
The first approach to synthesize highly monodispersed silica nanoparticles was introduced by 
Stöber et al. in 1968. This approach involves the hydrolysis of TEOS in a mixture of alcohol and 
water using ammonia as a catalyst.46 Further investigation of this approach led to the preparation 
of particles with diameters ranging from tens of nanometers to a few microns.47-50 
A significant breakthrough in the development of sophistically structured silica has been achie-
ved with the emergence of ordered mesoporous silica with uniform pore sizes. The key issue in 
the synthesis of porous silica is the interaction with a template, which guides the growth of the 
silica network, as illustrated in Fig. 2.4.51 The templates are often ordered structures formed th-
rough self-assembling, such as block copolymers52-54, micellar systems made by surfactants55,56 
or amphiphilic peptides57 as well as biological macromolecules,58-60 and complex biological sys-
tems61 such as bacteriophages62. Alternatively, the use of latex particles as hard templates has 
also been investigated.63,64
 Figure 2.4: Synthesis of mesoporous particles via templating surfactants.
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2.3 Functionalization of silica
Pure amorphous silica nanomaterials have limited applications and are therefore hybridized with 
organically functional groups or components to extend their applications. Moreover, they can be 
designed with more than one function to accomplish complex tasks.65-67 
In this section, two different concepts to functionalize silica are given: 
   1)   Integration of a functional component into the silica network. 
   2)   Use of alkoxysilanes with organic functional groups to synthesize the silica network.
The section then provides an overview explaining how this functionalized silica can be used in 
detection systems to complete this state-of-the-art research work. 
 
2.3.1 Silica with functional components
Silica nanomaterials are often equipped with functional components to provide the resulting 
material with new properties, such as fluorescence68-70, magnetism71, therapeutic ability72,73 and 
catalytic function74-77. Conversely, the silica matrix provides a chemically and mechanically stable 
vehicle, which serves as a protective shell around the components. In the form of a shell, silica 
protects the encapsulated component from external influences, while exposing a biocompatible 
and chemically modifiable surface. The resulting silica hybrids thus combine the properties and 
advantages of both silica and the functional component, overcoming some of their individual 
limitations.78
Examples of functional components that have been integrated into silica are fluorescent dyes68, 
chemiluminescent molecules70, quantum dots69, drug molecules72, gold nanomaterials79 and ma-
gnetic nanoparticles71. Even biomolecules were brought into the silica network, forming biohyb-
rids.74 The integration of biomolecules as well as fluorescent dyes will be discussed here in more 
detail due its relevance to the presented work (see also chapter 3). 
Biomolecules such as enzymes, antibodies or whole cells have remarkable functions such as 
selectivity, efficiency, and environment-friendliness that exceed the performances of their ar-
tificial counterparts. However, biomolecules suffer from limited lifetime and resistance against 
environmental stress. Therefore, the entrapment of biomolecules in silica is an attractive option 
since it improves their operational stability and, in turn, their application. Other advantages of 
entrapped biomolecules as compared to free ones are the possibility to separate them from the 
reaction mixture and to co-entrap multi-enzyme systems, enhancing the efficiency of cataly-
sis.80-84
Fluorescent dyes are a very important tool in the field of fluorescence microscopy visualization 
processes in living organisms due to their high sensitivity.85-93 However, they have limited pho-
tostability against continuous light exposure and are affected by the complex environment inside 
living cells, inducing chemical degradation. In order to create more robust dyes, researchers 
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have synthesized, among others, nanoparticles from dye molecules and amorphous silica. The-
se nanoparticles contain a large quantity of dye molecules entrapped inside the silica network. 
They emit an intense fluorescence signal that is up to 10,000 times more intense than that of 
single fluorescent dyes. Their extreme brightness combined with the improved biocompatibility 
and stability makes them interesting for ultrasensitive analysis in biological samples.68,69,94 
In general, there are three different strategies to combine a component with silica:
   a)   Components are attached either through electrostatic interaction or covalently on the 
         surface and in the pores of the silica particles. 
   b)   Components are integrated into the silica network during the silane condensation. 
   c)   Silica is built up at the surface of a component as outer shell. 
Ad a – Example 1: Attachment of biomolecule on silica
The simplest way to prepare biohybrids is to attach the biomolecule through electrostatic in-
teraction or covalently on the surface of silica particles such as Stöber particles, mesoporous 
particles or hollow particles. Here, it is noteworthy that a high variety of enzymes are already im-
mobilized, in particular, on mesoporous particles. The immobilization of these particles reduces 
the interaction with the external media, preventing aggregation, proteolysis by proteases, and 
the contact with hydrophobic interface, such as air bubbles.95,96 Furthermore, the environment 
inside the pores protects the entrapped enzymes against harsh pH values and thus broadens the 
usage of the enzymatic reaction.97 
To improve this system, different approaches have been intensively studied to increase the ca-
pacity and reduce the leakage of the enzyme. In this context, Ortac et al. recently published the 
following approach: They used template-derived hollow particles with mesoporous (5-50nm) 
openings that allow the passage of the enzyme into the particles. Their system, as a whole, can 
be interpreted as a “bottle” that is first filled with enzyme before the pores are sealed with a 
nanoporous (< 2nm) silica layer. The latter allows the passage of only the substrate, but not the 
enzyme, as illustrated in Fig. 2.5.64 These hollow particles feature a significantly higher concent-
ration of the enzyme than mesoporous particles.
Figure 2.5: Schematic illustration of the enzyme-filled hollow particles, the SHELS: As depicted in the 
inset showing the scale-up of a section of SHELS, enzymes that were entrapped within the hollow 
core cannot escape, while the small substrate molecule (red dot) can diffuse through the nanoporous 
shell, interact with the enzyme and diffuse out of SHELS after modification by the enzyme (blue dot). 
[Reproduced with permission from ref. 64; further permissions related to the material excerpted should 
be directed to the ACS.]
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Ad b – Example 1: Entrapment of fluorescent dyes
The second strategy to combine a component with silica is to entrap it into the silica network 
during the silane condensation. Most of the common fluorescent dyes are hydrophobic and are, 
therefore, soluble in the solvents that are used for the synthesis of silica nanoparticles. To pre-
pare dye-doped silica nanoparticles, two general synthetic routes have been used: the Stöber 
process and the microemulsion process. 
The Stöber process was previously introduced as a method for synthesizing fairly monodisperse 
silica nanoparticles. It has been further optimized to covalently entrap fluorescent dye molecules 
to the silica matrix.49,98 The procedure involves two steps: At first, the dye is chemically attached 
to an amine-containing silanes (such as 3-aminopropyltriethoxysilane, APTES). Then both TEOS 
and the dye-modified APTES are allowed to hydrolyse and condensate in a mixture of water, 
ammonia, and ethanol, resulting in dye-doped silica nanoparticles. 
Alternatively, dye-doped silica nanoparticles can also be synthesized by forming silica in a 
reverse-micelle or water-in-oil (w/o) microemulsion system.99-101 In a typical w/o microemul-
sion system, water droplets are stabilized by surfactant molecules and remain dispersed in 
bulk oil. The formation of silica is highly regulated in the water droplets, while the dye mo-
lecules are entrapped in the silica network.99,102 The entrapment via the w/o microemulsi-
on system is particularly interesting for polar dyes and water-soluble inorganic dyes. The-
se dyes can be entrapped without covalent attachment to silanes because of the strong 
electrostatic attraction between the dye molecules and the negatively charged silica. 
Ad b – Example 2:  Entrapment of biomolecules in silica 
Similar to the fluorescent dyes, biomolecules can be entrapped into the silica network during 
the silane condensation. But in contrast to the dyes, the encapsulation of biomolecules requires 
such conditions for the condensation that do not denature the sensitive biomolecules. 
One crucial point in the formation of silica is the release of high amount of alcohol, which can 
lead to denaturation, and thus, inactivation of the biomolecules. Therefore, in most described 
encapsulations of biomolecules, the hydrolysis of organosilanes releasing alcohol is separated 
from the silane condensation in presence of biomolecules. By using this approach, silica en-
capsulation of different biomolecules can be achieved in various shapes, including monoliths, 
microparticles and films.103,104 To obtain thin films for instance, biomolecules are firstly immobi-
lized on a solid material before silane condensation is induced.104 Thereby, the thickness of the 
silica can be easily controlled. Such thin layers of biohybrids have been applied particularly in 
biosensors because the silica film directly forms on the transducer and allows target molecules 
to diffuse into the binding biomolecule. 
Based on this method, the research group of Shahgaldian demonstrated the encapsulation of 
biomolecules even without separation of hydrolysis and condensation.105-107 In their approach, 
biomolecules were firstly immobilized on silica nanoparticles in a buffered solution and silica for-
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mation was induced subsequently by mixing TEOS and APTES in the same medium. Because of 
the stabilizing effect of the immobilization and the dilution of the released alcohol in the buffered 
solution, the denaturation and inactivation were negligible. 
Natural processes such as the silane biomineralization in diatoms give inspiration for new appro-
aches that allow the polymerization at neutral pH and the present of salts. For instance, Lucka-
rift et al. demonstrated the entrapment of butyrylcholinesterase in silica nanoparticles. In their 
approach, silaffin polypeptide from diatom polymerized TMOS in the presence of the enzyme in 
the solution, resulting in enzyme-containing silica spheres. The entrapped enzyme retained all of 
its activity and was substantially more stable than the free enzyme.32 
The biohybrids that are finally obtained from the silica encapsulation feature nano- or 
micro-structured oxygen-bridged frameworks in which the biomolecules are physically con-
fined. Till date, studies indicate that proteins with molecular weights above 10,000 (~1.3–1.7 
nm ellipsoids) can be irreversibly encapsulated in this framework. Absorbance and fluore-
scence studies also showed that proteins are entrapped in their native conformations, which 
is operative and functional within the rigid silica network. The network is like a cage that re-
stricts global movements (e.g., unfolding, rotation), while segmental motions that are re-
quired, for instance, for substrate binding and catalysis, are largely unaffected. At the same 
time, small compounds (e.g., substrates) with molecular weights below 1000 can easily pe-
netrate and transit the silica network through three-dimensional pore connectivity.81,108-115 
Ad b – Example 3:  Silica as outer shell around nanostructures 
To complete the overview of the different ways to functionalize silica, the possibility to grow a 
thin silica layer around other nanostructures also deserves a brief mention. 
Different nanostructures, such as quantum dots, magnetic nanoparticles71 or carbon nanotubes, 
are covered with silica to increase their biocompatibility and allow their application in medicine. 
The covering with a silica matrix can also prevent nanoparticles from self-aggregation and from 
reacting with environmental species. The silica layer also serves as a medium for subsequent 
functionalization of these nanostructures. Typically, the thin silica layer is post-coated on the sur-
face of the nanostructures using the previously mentioned three methods: hydrolysis of silicate 
in acidic solutions, the Stöber method, or the reverse microemulsion method.78,116-121
 
2.3.2 Silica with functional groups
Instead of integrating a component, silica can be functionalized through the use of organically 
modified alkoxysilane (also called organosilanes) as building blocks for the silica formation. In 
these organosilanes, the organic groups are covalently attached to the silicon atom directly. This 
Si-R covalent bond does not react in the course of silane condensation, and therefore remains 
in the final material. 
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The final silica resulting from the polycondensation of organosilanes is a hybrid material that 
combines the structural stability of the siloxane bonds and the features of the organic R groups, 
modifying the properties of the formed silica.
Here the possibility of mimicking the functional properties of enzymes and antibodies (catalysis 
and binding, respectively) is of particular interest. These functions are achieved by functional 
groups that are in a specific position to each other and have a specific composition. Binding of a 
substrate or an antigen is achieved through shape complementarity combined with a high num-
ber of non-covalent interactions, such as hydrogen bonding, ionic interactions, π-π interactions, 
van der Waals forces and hydrophobic effects. These interactions are known to be fairly weak, 
but synergistically induce high affinity. 
The increasing variety of commercially available organosilanes in functional groups makes it 
possible to impart hydrophobicity, hydrophilicity and even ionic charge to silica. With this broad 
spectrum of functional groups, silica can be engineered to suit the target molecule. Therefore, 
these molecules are excellent candidates to build a silica layer with interaction properties similar 
to that of biomolecules. 
To provide silica with high affinity for target-specific recognition, the three-dimensional positio-
ning of the functional groups is generated artificially by using the target itself as template that in-
structs the construction of the recognition site, as illustrated in Fig. 2.6. This technique is similar 
to the previously described technique of synthesis of mesoporous silica with uniform pore sizes. 
The interaction with the template does not influence only the final structure of the silica, but also 
the position of the functional groups. Thus, the final silica is tailored with structures and functio-
nal groups complementary to that of the template molecules for rebinding. Because the template 
seems to imprint its structural and chemical information into the silica network, this technique is 
better known as molecular imprinting.104 
Molecular imprinting is the best-known method to form specific artificial binding sites, with either 
organic or inorganic polymers as carriers of the imprints/binding sites.122-124 During the last three 
decades, there has been immense advancement in synthesis approaches and application of 
molecular imprinted polymers (MIPs) in various fields.125 
Figure 2.6: Schematic representation of the principle of molecular imprinting
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Today, MIPs can be prepared for a wide range of target molecules, including biomolecules such 
as proteins126-128, viruses,105,129-131 microorganisms132-135 and cells136. They find broad applications 
as separation matrices in chromatography,137-141 as catalyst mimicking enzymes,142-145 and as 
selective binding interface for detection systems146-152. 
Owing to the biocompatibility of silica and its condensation reaction, silica is commonly used for 
imprinting biomolecules.153 Because of the large size and thus associated low diffusion of bio-
molecules, the preferred approach for imprinting of biomolecules is generally surface imprinting. 
In this approach, the template is immobilized on a surface before silica formation is induced to 
fabricate thin silicate films that ease the template release and recognition. To increase the finite 
number of recognition sites, imprinting has often been applied on carriers with a high surfa-
ce-to-volume ratio area, such as nanostructures and nanoparticles, resulting in the synthesis of 
nanostructured MIPs.146,154-158 
For instance, Shiomi et al. prepared haemoglobin-specific silica particles using a surface imprin-
ting approach. They covalently immobilized the template protein (haemoglobin) on porous silica 
nanoparticles before inducing polycondensation of 3-aminopropyltrimethoxysilane (APTMS) and 
trimethoxypropylsilane (TMPS). The resulting imprinted particles bound the haemoglobin with 
high affinity due to the characteristics of the binding sites (imprints).155 
A similar surface imprinting approach was employed by Cumbo et al., demonstrating the possi-
bility to imprint virus particles as well as to improve the specificity of the binding sites by using 
up to four different organosilanes, mimicking the function of amino acids.105 
 
2.3.3   Functionalized Silica for detection
Different functionalized silica materials have already been used as carriers of the recognition 
site in detection systems. The recognition site is either a biomolecule entrapped in silica or the 
imprinted silica surface itself. In both cases, the functionalized silica has been incorporated in 
different kinds of detection systems, such as immunoassays and sensor systems.
A detection system consists of two crucial parts: the recognition site and the transducer. The 
recognition site is able to selectively bind a target molecule (analyte) with high affinity in the re-
quired analytical concentration range.159 When a target molecule binds to the recognition site, 
the resulting physical and chemical changes can be exploited to transform the event into a mea-
surable signal, which is enabled by the transducer, which can be:
   a)   An external component added to the system; 
   b)   A physical change in the surface; 
   c)   A component integrated as part of the recognition site
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Immunoassays with functionalized silica
Immunoassays are one of the broadly used detection systems and are commonly used in routine 
laboratory due to their high precision and high throughput. In immunoassays, the selective affi-
nity of an antibody for its antigen is used to form an antibody-antigen complex that is detected 
via signal-generating labelled probes, which are added to the system after binding. Since MIPs 
possess binding characteristics in terms of affinity and specificity similar to those of antibodies, 
MIPs have been successfully used as direct replacement for antibodies in immunoassays.160-166 
However, while there are various approaches to detect the antigen-antibody complex, the detec-
tion of the imprint-antigen complex is limited to mostly competition assay, requiring a signal-ge-
nerating labelled target molecule. The supply of labelled targets can be cost-intensive, making 
MIP-based assays unaffordable. 
Sensor systems with functionalized silica
Sensor systems such as chemical sensors or biosensors provide highly sensitive real-time de-
tection with short response times. They are made of a recognition unit that is intimately associa-
ted with or integrated within a physicochemical transducer unit. When a target molecule binds to 
the recognition unit, the resulting physical and chemical changes are converted to an electronic 
signal for quantification. 
In contrast to immunoassays, sensor systems can provide a quick analysis directly in the origi-
nal place where the analyst is found without the need to transport samples to a laboratory. To 
achieve this, the recognition unit needs to be resistant to a variety of chemical environments and 
microbial spoilage. In case of biosensors, the recognition unit is based on biological receptors 
(such as antibodies and enzymes) to obtain the required specificity and selectivity. The required 
resistance for sensors have been obtained through either stabilizing the receptor or replacing the 
biological receptor with artificial ones.
Among methods for stabilizing biological receptors, the entrapment of these receptors in silica 
provides a number of advantages such as long-term storage stability, potential re-usability and 
resistance to microbial spoilage. The resulting silica-based biohybrids have found application 
in biosensors.167-170 However, small target molecules that can easily diffuse through the silica 
network to the recognition unit have mainly limited the application of this type of biosensor, for 
instance, to drug discovery.171-173
Alternatively, biosensors are equipped with molecularly imprinted receptor, rather than a bio-
molecule. MIPs are of particular interest for sensors since they combine selective recogniti-
on and high robustness.174 Among the several examples of using MIP-based sensors, different 
approaches that provide a surface-imprinted silica films on transducer surfaces have also been 
reported.175-177 Most of these approaches depend on specific chemical functionalities of the tar-
get molecule for signal transduction. These transduction techniques include: electro-chemical, 
fluorescence quenching, IR and Raman spectroscopy. 
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For instance, Lulka et al. used surface-imprinted silica for the detection of fluorescein. Addition 
of quencher to the sample solution suggests that the MIP-bound fluorescein was protected from 
the quencher allowing quantification based on the quenching intensity.178 
In case of target molecules without any electro-active moiety, light-absorbing metal complex, or 
an intrinsic fluorescence - which is the case in most proteins - optical and acoustic sensors have 
been developed. These methods essentially measure changes in the refractive index (e.g., sur-
face plasmon resonance, SPR) or changes in the mass of the sensing layer (e.g., quartz crystal 
microbalance, QCM). For instance, Liu et al. prepared a QCM sensor for detecting staphylococ-
cal enterotoxin B (SEB) based on molecularly imprinted silica film. They first prepared the silica 
film by mixing the organosilanes with the target bacteria SEB and then coated the film on the 
sensor surface. Their results, in terms of sensitivity and selectivity, showed that the combination 
of MIP and QCM was very effective for the determination of SEB.179 
 
Multifunctional nanoparticles for analytical applications
Multifunctional nanoparticles have shown promising applications for detection, catalysis, sepa-
ration and purification. Most of these applications take advantage of synergistic effects induced 
by the combination of functional components and the amplification effect associated with the 
nanoscale dimension.180 For instance, the high surface-to-volume ratio values of nanoparticles 
increase the available surface for releasing and binding processes. Combining nanostructured 
support with molecular imprinting design improves the release of the template as well as the 
binding of the analyte.181 
Moreover, multifunctional particles can be designed for one-step detection systems to provide 
recognition/binding, amplification and transduction without separation in between. The trans-
ducer is often directly integrated in the nanoparticles, and features magnetic, optical or electro-
chemical properties for generating a signal.
Since silica is optically transparent, silica-based imprinted nanoparticles are suitable for selecti-
ve optical detection based on fluorescence178,182, phosphorescence183 and luminescence184. For 
instance, Yang et al. reported the imprinting of a protein, namely, bovine serum albumin (BSA), 
on the surface of quantum dots through polycondensation of silica in the presence of BSA. When 
BSA bound in the imprints, the signal of the quantum dots was quenched. The degree of quen-
ching correlated with the number of BSA that had bounded.185 
 
Role of silica in novel detection system
The detection of pathogens (viruses, microorganism) and specific proteins as biomarkers of 
disease or health status using sensors is still an on-going challenge. Especially, when facing 
viruses, there are hardly any methods available to directly detect the binding event. This is partly 
due the widespread opinion that imprinting of proteins or viruses poses several challenges (e.g., 
template stability and availability). 
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A crucial objective for the development of MIP-based detection systems is to overcome the ac-
tual perceived limitations:   
   a)   Absence of a general procedure for MIP preparation;
   b)   Difficulties in integrating them with a transducer; 
   c)   Difficulties in transforming the binding event into a measurable signal.
Despite its potential in terms of protein imprinting, the number of silica-based MIPs used as 
receptors is still low compared with other artificial receptors in the field. Only in the recent years 
has the academic world started to give increased attention to the use of silica-based receptors, 
but still without considering the broad range of its structures and chemical properties. As form 
and function of silica can be easily controlled upon reaction conditions and templates, silica-ba-
sed receptors can overcome the described limitations and to be prepared with internal transduc-
tion system for innovative assays as well as purification systems.
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3 Strategies and Approaches
3.1 Template virus 
Besides the high relevance of NorV as a priority pathogen causing water- and food-borne disea-
ses, NorV feature a very simple structure – smooth, icosahedral without envelope. Its structure 
can be easily constructed in the form of recombinant proteins assembling to virus-like particles 
(VLP). For a better understanding of what VLPs are, it helps to look at the composition of viruses.
Viruses are vehicles of the size of 15 to 400nm and consist of two or three parts1: 
   a)   The genetic material made from either DNA or RNA, coding the information for replication 
         and structural proteins; 
   b)   A protein coat, called the capsid surrounding the genetic material; 
   c)   In some cases, an envelope of lipids surrounding the capsid outside a cell.
The capsid proteins can be produced via heterologous expression systems separately from the 
genetic information for replication. The resulting proteins self-assemble into a sophisticated ico-
sahedron, the VLP, which feature an identical or highly related overall structure as their corres-
ponding native virus.1-3 Since genetic information for the viral replication is not present in them, 
the VLPs are non-infectious. Because of their structural similarity, VLPs are of particular interest 
as replacements for the native viruses in cases where only structural or surface properties are 
required, such as vaccination.4 Beyond that, VLPs can also replace the native virus for research 
studies. As cultivation in cell culture has not been possible for human pathogen Noroviruses, 
they were replaced by VLPs for studies on their structural integrity.5
VLPs have been shown to be excellent vaccine antigens because they have an array of antigenic 
epitopes on their surface, mimicking the surface of native viruses. This property is even more 
important for the synthesis of artificial antibodies via molecular imprinting. Up to half of the whole 
virus sphere (in case of icosahedral viruses) is required for generating a recognition site with high 
specificity and affinity. Because of their high structural similarity and non-pathogenicity, VLPs are 
tested out as replacement of the native virus for virus imprinting. 
In this work, the template virus for the imprinting process was a VLP of norovirus (NorVLP) from 
predominant genotype II strain 4 (GII.4). The NorVLP consists of an icosahedral capsid that is 30 
to 40nm in diameter and built from 180 copies of protein subunits, with a mass of 59kDa.
 
3.2   Silica Nanoparticles as carriers
Monodisperse silica nanoparticles (SNPs) were used as carrier material to design virus-imprinted 
particles (VIPs) with different transduction systems. They were freshly produced on the basis of 
the method developed by Stöber; the detailed protocol is described in the experimental section 
(see 6.2.1).
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The surface of the SNPs consists of silanol groups with which organosilanes condensate, for-
ming new silica. The silane condensation at the surface of SNPs improves the control in the 
direction and rate of silica formation to generate advanced silica structures such as imprints. In 
the frame of this work, SNPs were modified at the surface with different biomolecules and were 
subsequently reacted with organosilanes to prepare different functionalized silica particles. 
The bare SNPs and functionalized particles were characterized using high-resolution field 
emission scanning electron microscopy (FESEM). This technique allowed, on the one side, 
the visualization of the changes on the surface and, on the other side, it helped determi-
ne the size of the particles (Fig. 3.1). The statistical analysis of FESEM micrographs using 
a size analysis software revealed the mean diameter of the particles. At least 100 partic-
les were measured to determine the mean diameter and its standard error (SEM), demon-
strating the precision of the size measurements. Using SNPs with high monodispersity all-
owed accurate monitoring of the formation of silica through the increase in particle size. 
Figure 3.1: Characterization of silica nanoparticles via FESEM – 
a) Micrograph, scale bar: 100nm; b) Distribution of particle diameter.
In the frame of this work, SNPs of different mean diameters were used: 375nm, 410nm and 
290nm. The latter were used in particular for the synthesis of multi-layered particles.  
 
3.3 Virus-imprinted particles – Concept 
The formation of virus recognition sites on SNPs is illustrated in Fig. 3.2 and consists the follo-
wing phases:
   1.   Immobilization of the template virus on the surface of SNP; 
   2.   Surface-initiated growth of a silica layer, named the recognition layer; 
   3.   Removal of the template virus, thus freeing the imprints; 
The resulting particles are named “virus-imprinted particles”, in short VIPs.6,7
a b
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 Figure 3.2: Schematic illustration of virus imprinting
 
I- Immobilization of template virus
The initial step for the VIP synthesis is the immobilization of the template virus on the surface 
of SNPs through a covalent crosslinking between SNP and template virus. For the crosslinking, 
SNPs are first modified with aminopropyltriethoxysilane (APTES) and then with glutaraldehyde, 
which is a homo-bifunctional crosslinker frequently used for immobilization of proteins on ami-
no-activated supports.3-6 The crosslinking occurs via the two aldehyde groups of glutaraldehyde: 
one reacts with amino functional groups at the surface of the SNPs that are provided through the 
modification with APTES; the second aldehyde group reacts with primary amino groups of pro-
teins (such as lysine and N-terminus). Aldehydes and primary amines react by forming an imine 
bond or Schiff bases, which are interesting for the imprinting because they are unstable under 
acidic conditions and, thus, reversible. Thus, the virus is first immobilized covalently on silica and 
removed later by applying acidic conditions.
II- Formation of the recognition layer 
After the immobilization of the template virus, the next step consists of the formation of the re-
cognition layer by using the organosilanes TEOS and APTES as building blocks (Fig. 3.3). TEOS 
with its four hydrolysable ester bonds can form four siloxane (-Si-O-Si-) bonds that provide 
structural stability to the recognition layer. In APTES, one Si-OH group is substituted with an 
aminopropyl group that is directly linked with the silicon atom. As this linkage cannot be hydroly-
sed, one side of APTES cannot participate in the silica network; APTES thus introduces flexibility 
into the layer as well as other functional groups to interact with the template virus. 
Figure 3.3: Organosilanes in use as building blocks for virus imprinting 
Both organosilanes can establish non-covalent bonds with the virus surface before polycon-
densation of the organosilanes; because of such bonds, the resulting imprints in the recognition 
layer are chemically adjusted on the template virus for re-binding.7 
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The organosilanes polycondensate through formation of siloxane bonds by following the same 
mechanism as described previously for the formation of Stöber particles or other silica-based 
materials (see section 2.2.2). The bond formation depends on the pH as well as on the ionic 
strength of the reaction solution and requires a catalyst. During imprinting, APTES catalyses the 
formation of the silica because its amino group reacts basically in water. 
The polycondensation starts at the surface of the SNPs due to the presence of silanol groups, 
continuing the silica network; the recognition layer grows upward. Consequently, the progress of 
the silica formation during imprinting is later called recognition layer growth (RLG). 
III - Virus removal 
The virus removal conditions include:
   •   Ultrasonication to break the silica layer that has formed around each virus. 
   •   Acidic condition (< pH 2) to induce the acid-catalysed hydrolysis of the imine bond anch- 
       oring the viruses and, thus, weakening the covalent bond between the virus and SNPs. 
   •   Surfactant (0.1% triton X-100) to favour the disassembly of the virus. 
These conditions allow virus removal without altering the recognition layer. When the imprinting 
is successful, the final, purified particles show the imprints as free cavities on their surfaces via 
the FESEM.
3.4   Transduction systems for the VIPs
Approach 1:  Biocatalytic VIPs
Enzymes are widely used in bioanalytical methods as signal amplification systems owing to 
their ability to catalyse coloured reactions with fast biocatalytic turnover rates. For instance, in 
a conventional enzyme-linked immunosorbent assay (ELISA), specific antibodies capture the 
target molecule, forming a complex that is immobilized on the surface of a microtiter plate. This 
antibody-target complex is subsequently visualized through an antibody-linked enzyme. The lat-
ter generates a signal through the enzymatic conversion of a substrate into a coloured molecule. 
The conversion rate is proportional to the number of antibody-target complex formed, indicating 
the concentration of the target molecule. 
For the development of a novel transduction system, we considered the following features: 
   a)   The significant size difference between an icosahedral virus (≈ 10000kDa) and an enzyme 
         molecule (10-100kDa);
   b)   The dependency of the enzymatic reaction on substrate uptake; 
   c)   The control of the substrate uptake by the thickness of the silica layer around the enzyme;  
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The basis of this novel transduction mechanism is the combination of the two different me-
thods to functionalize silica – entrapment and imprinting. The two functionally different silica 
layers were prepared subsequently – a virus-imprinted layer on top of an enzyme-entrapping 
layer – forming a biocatalytic VIP. The assumed property of this VIP was that a virus-binding 
event on the imprints directly modulates the enzymatic activity through steric inhibition of the 
substrate diffusion to the entrapped enzyme, as illustrated in Fig. 3.4. 
Figure 3.4: Transduction of virus binding to optical signal via biocatalytic VIP
This silica-based transduction system for detection is based on the following assumptions:
   i.   the selected enzyme preserves its biocatalytic function when entrapped in the silica layer; 
  ii.   The recognition layer hampers substrate uptake by the enzyme, except at open imprints; 
 iii.   Blocking the imprints by binding the target virus decreases the enzymatic activity; 
In the frame of this work, all these assumptions were evaluated for proof of concept.
Approach 2:  Fluorescent VIPs
Fluorescence dyes/probes, thanks to their high intensity, have been extensively used as optical 
signals to report specific molecular processes.8 Indeed, some fundamental processes in living 
organisms have been investigated using fluorescence microscopy.9-16 Besides, they have allowed 
to observe the binding processes taking place in sensor devices as binding modulates the signal 
of fluorescence dyes.17-22 Particularly, in combination with small spectrophotometric devices, 
the modulation of fluorescence signal is a promising transduction system as it does not require 
further reagents to transduce the binding processes into a visible signal for quantification.23,24
However, it is still a challenge to achieve a connection between the fluorescence dye and the 
specific recognition site of the target molecule that modulates the fluorescence signal. 
SUBSTRATE
PRODUCT
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This connection has been investigated for artificial antibodies/receptors based on molecular 
imprinting. By forming the receptor artificially, a fluorescence dye can be directly integrated into 
the recognition site during the imprinting process. Due to the small distance between the target 
molecule and dye at the recognition site, the subsequent binding of the target molecule affects 
the properties of the fluorescence dye, for instance, through quenching.24-26
One method to integrate a fluorescence dye into the imprints is to modify the dye with the cross-
linking part of the monomers and directly integrate it as a monomer into the polymer. This system 
has already been described in a few publications that demonstrated the quenching-based de-
tection of different template molecules - from small molecules26-32 up to biomolecules33-35.
The drawback of this seemingly easy system is the high intensive background signal that re-
duces the sensitivity of the detection. Since interactions between the template molecule and 
commonly used fluorescence dyes are quite low, dye molecules are distributed in the whole 
polymer during imprinting. Consequently, dye molecules are partially integrated in parts of the 
polymer, where they cannot be affected by the binding of the target molecule. These dyes induce 
high background fluorescence-inducing, low-quenching intensities.25 
The background signal becomes more crucial in case of the virus-imprinting in use. The target 
molecule is far bigger than the molecules that form the recognition site. This size difference bet-
ween target molecule and monomer indicate that only a small number of the added monomers 
are really part of the recognition site; most molecules are part of the non-imprinted silica layer 
that holds the imprints. 
To deal with the problem of high background signal, an innovative strategy was developed for 
doping the recognition site with dye molecules. This strategy involved the integration of a tem-
porary/reversible quenched fluorescence dye, which was activated after the removal of the Nor-
VLP exceptional on the recognition site. By particularly using fluorescence dyes in the imprints, 
NorVLP-binding was visualized via the quenching of the fluorescence intensity by the presence 
of the NorVLP, as illustrated in Fig. 3.5.
Figure 3.5: Transduction of virus binding to optical signal via fluorescence VIP: fluorophores are exci-
ted by radiation (blue waves) and emit light (green waves); in case of NorVLP binding, the emission is 
quenched by NorVLP.
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4    Results and Discussion
4.1  Synthesis of NorVLP imprinted particles
In this section, Norovirus-like particles (NorVLP) were used as safe replacement for human pa-
thogen viruses during the imprinting. The adaptation of the imprinting protocol to the properties 
of the NorVLP, and the set-up of the binding assay to confirm the ability of the imprinted particles 
to bind NorVLP will therefore be described in this section. 
4.1.1 Imprinting with NorVLP as template virus
Based on the protocol described in section 3.3, the imprinting process was carried out with 
NorVLP as template virus, using APTES and TEOS as building blocks. Both VLP immobilization 
and recognition layer growth were performed in freshly filtrated water, which was shortly called 
“nanopure water”. From the FESEM micrographs, it can be seen that a silica layer covers the 
resulting particles and some spherical formations on the particles surface, which were assumed 
to be NorVLP beneath the silica layer (Figure 4.1, left). Removal conditions, including ultrasoni-
cation, were applied to partly break this silica layer for removing the NorVLP from the imprints. 
However, not only the NorVLP, but also the imprinted silica layer on the SNP was removed th-
rough ultrasonication. As it can be seen in the FESEM micrographs, in Figure 4.1, the silica layer 
with the spherical formations was well visible before ultrasonication, while it appeared thinner 
after ultrasonication for 20min. This observation indicates that the number of siloxane bonds 
and, thus, the degree of crosslinking was not sufficiently high in the formed organosilica layer or 
between the layer and SNP surface. 
Figure 4.1: Effect of sonication on VIPs - FESEM micrographs of VIPs, after formation of silica layer in 
nanopure water, before (left) and after (right) sonication for 20min; scale bar: 100nm.
In industrial processes for silica-based materials (e.g., rubber) and coatings, higher crosslinking 
in materials is induced by curing.1-4 In case of coating, the curing increased the connection with 
the core material such as steel and thus improved the stability against mechanical forces.1 Cu-
ring also represents the last step in the rubber synthesis, improving the elasticity of the final pro-
duct.4 It is often performed at high temperature to evaporate the water in silica and thus induce 
the hydrolyzation, which leads to the formation of siloxane bonds.
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In order to reach a sufficient degree of hydrolyzation - considering that heat-sensitive proteins 
are integrated in the silica - after the imprinting process, particles were stored at room tempera-
ture (RT: 20-25°C) for 18 hours; they were then treated and analysed in the same way as before, 
including the ultrasonication. The FESEM micrographs showed that particles after being stored 
at higher temperature did not lose the silica layer at all, indicating improved layer stability. The 
incubation at RT was performed for all particles after synthesis of the silica layer; this process is 
named “curing” as well.
The curing was also performed on silica particles with β-Galactosidase entrapped in a silica lay-
er.5 As the curing had an effect on the activity of β-Galactosidase, the elasticity of the silica layer 
containing the enzyme was evaluated at different stages of the curing via atomic force microsco-
py, which showed that the elasticity increased, improving the mobility of the enzyme and, thus, 
its activity. Interestingly, the change in elasticity was not observed in case control particles that 
were covered with the same silica layer without the enzyme. This observation indicates that the 
change was induced by the presence of the enzyme itself. For the virus imprinting, the presence 
of the template virus during curing might have a similar effect on the stability of the layer, which 
might induce slight differences between imprinted and non-imprinted particles in terms of layer 
stability. 
After carrying out the imprinting of NorVLP in nanopure water, the surface of the resulting par-
ticles showed large spherical structures that represented the immobilized VLP surrounded with 
a silica layer (see FESEM micrograph in Fig. 4.2). Considering the diameter of the VLP and the 
SNP, the thickness of the silica layers formed on the surface of VLP and SNP, respectively, was 
determined. As shown in Figure 4.2, the silica layer grew around the VLP with a rate of ca. 8nm/
hour and around the SNP with a rate of around 4nm/hour. This result clearly shows that the silane 
polycondensation was two times faster at the surface of the immobilized NorVLP than at the sur-
face of the SNP. As a result of the thick silica layer around the VLP, the subsequently performed 
virus removal did not release the VLP from the SNP surface. Indeed, after stabilizing the formed 
silica through curing, even a sonication for up to 2 hours did not affect the silica around the VLP. 
Figure 4.2: Silane polycondensation at the presence of immobilized NorVLP in nanopure water - left: 
FESEM micrograph of SNP with NorVLP on the surface after 6h polycondensation; right: formation of 
silica layer on the surface of NorVLP (round) and SNP (square) over time.
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In the end, the particles still exhibited VLP-silica formations at their surfaces, but no imprints. 
Thus, the imprinting process carried out in nanopure water did not result in the generation of 
imprints because of the high silica formation on the template virus, NorVLP.
VLP had to be reduced without affecting the formation on the surface of the SNPs. However, 
most of the typical process factors (temperature, ionic strength, pH values, concentration as well 
as composition of organosilanes) have a general effect on the silica formation and, thus, do not 
make a distinction between the surface of SNP or NorVLP. Therefore, the interaction between 
organosilanes and template virus was studied in further detail. 
In order to obtain imprinted particles with the NorVLP as template, the silica formation on the In 
the previous work on VIPs that used plant viruses as template, a thin silica layer was also ob-
served to be surrounding each virus particle.1 At that time, the silica formation on the plant virus 
was induced by the use of organosilanes with varying organic groups. Those groups were similar 
to amino acids and increased the variety of non-covalent bonds between the organosilanes and 
amino acids of the virus proteins; beside hydrogen bonds and ionic bonds, π-π stacking and van 
der Waals forces were also possible. With a high number of bonds, there was sufficient amount 
of organosilanes collected at the surface of the virus to induce silica formation directly on the 
template. However, the silica layer that had formed on the plant viruses was quite thin and was 
broken through the previously described treatment for template removal. The thickness of silica 
layer on the plant viruses was increased when organosilanes that contained additional basic 
groups were used.2 Based on these observations, it was assumed that high interactions and 
catalysing basic groups were responsible for the fast silica layer growth on the NorVLPs.
Interestingly, in case of NorVLP imprinting, only two organosilanes, namely, TEOS and APTES, 
with both limited interaction and catalytic properties, were sufficient for the layer growth. There-
fore, some specific properties of the NorVLP inducing silica formation were assumed. 
Comparing the properties of the applied NorVLP with that of the plant viruses, for which the im-
printing was successful, a strong difference in the isoelectric point (IEP) could be found. NorVLP 
has a theoretical pI of 5.6 based on its amino acid coding sequence, which is significantly higher 
than that of the plant viruses: TYMV (Turnip yellow mosaic virus) with 3.8 and TBSV (Tomato 
bushy stunt virus) with 4.1. The higher IEP value suggested a higher number of cationic amino 
acids (AAs) in NorVLP than in the plant viruses. 
Cationic AAs are also found in silaffins that are peptides catalysing and templating the formation 
of biosilica in diatoms. Different studies on silica formation by peptides have shown following 
common properties of peptides to govern silica formation7-14:
   1.   Positively charged moieties for attracting negatively charged silanes;
   2.   Basic properties for hydrolysis;
   3.   Self-assembly prior to silica polycondensation for templating; 
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To affect the organosilane polycondensation, these cationic AAs needed to be located at the sur-
face. Indeed, looking at the crystal structure of the P2 domain of GII.4 norovirus VA387 strain6, 
cationic AAs (such as His292, His297, Arg339, Arg410) can be found on external loops, allowing 
interaction with the organosilanes present in the reaction mixture (Fig. 4.3). 
Figure 4.3: Structural analysis using X-ray structure of norovirus VA387 (2OBS) – a: Side view; b: Top 
view; positively charged amino acids are outlined as follows: lysine in blue, arginine in red and histi-
dine in green. Most of lysine residues are in the inner part of the P2 domain and form together with 
arginine and histidine the recognition site of the Norovirus capsid. Arginine and histidine residues 
can also be found on external orientated on flexible loop regions (program in use: Protein Workshop). 
In case of NorVLP, there are the cationic and basic properties by external lysine molecules as 
well as the higher structures for templating, as NorVLP is a protein shell formed from 180 single 
proteins by self-assembling. This combination of basic groups and highly organized structure is 
responsible for the high polycondensation rate at the surface of the NorVLP. Since the structure 
of NorVLP was needed for the imprinting, the effect by the cationic AAs on the silica formation 
had to be reduced.
The cationic and basic properties of AAs depend naturally also on the applied pH value. There-
fore, one can assume, this effect by cationic AAs can be reduced by carrying out the reaction 
at a different pH value. However, changing the pH was not the best option due to the sensitivity 
of NorVLP to the applied pH value. Cuellar et al. studied the stability of NorVLP against different 
pH values, ranging from pH 2 to 10; changes in size and mechanical stability of the VLP were 
determined. At basic pH, a significant increase in size was observed due to disassembling of the 
protein units.15 In order to reduce the effect by cationic AA, the pH value during imprinting should 
be pH 8 or higher. At high pH, the NorVLP would be negatively charged, as deprotonating is in-
duced, but, at the same time, the VLP would start to disassemble, losing its three dimensional 
structure. 
Alternatively, an additive that overlays the cationic AA present at the surface of the VLPs was 
tested to inhibit the silica formation at the template surface. The idea was to use a polyanionic 
a b
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molecule on the basis of the hypothesis that one negatively charged group interacts with the 
positively charged AA on the VLP, while the other negatively charged groups interact with the 
surroundings. One known and simple polyanionic molecule is citrate. After carrying out the im-
printing using 10mM citrate at pH 6, the recognition layer showed cavities. To confirm that the-
se cavities were induced by the presence of NorVLP, imprinting was performed using different 
concentrations of NorVLP (25, 10 and 5µg/ml). The surfaces of the so-produced particles were 
visualized by means of FESEM; the representative micrographs are given in Fig. 4.4. From the-
se, it can be seen that the number of cavities depends on the applied concentration of NorVLP. 
Furthermore, the diameter of the observed cavities was compatible with the size of the template 
virus, at a diameter of 35nm. Therefore, the visual analysis of the produced particles clearly 
suggested that the cavities represented the virus imprints. Interestingly, the cavities were visible 
without performing the template removal that would release the template from the imprints. The 
open cavities were probably the result of physical treatment associated with the sample prepara-
tion for the FESEM imaging, which includes drying, vacuum, gold-platinum alloy sputter-coating, 
and impact with high voltage electrons. Such treatment results in partially damaging the NorVLP, 
when there is no thick silica layer protecting it. Assuming that the citrate indeed inhibited the 
formation of the silica layer, protecting the NorVLPs, the structural integrity of the NorVLPs was 
probably damaged before and/or during FESEM imaging. As a result of the damage, NorVLPs 
were not visible on the particle surface and, thus, the imprints in the recognition layer seemed 
empty during imaging. 
 
Figure 4.4: Imprinting at different concentration of NorVLP as template - FESEM micrograph of particles 
after 6h silane polycondensation in 10mM citrate pH 6 at the presence of 25 (A), 10 (B) and 5 (C) µg/ml 
NorVLP, respectively; scale bars: 100nm.
To test the stability of the recognition layer, the imprinted particles were treated with ultrasonica-
tion. The FESEM micrographs showed that the recognition layer was removed partially through 
this treatment. This observation indicates that the presence of citrate weakens the whole silica 
layer because the ionic strength induced by citrate inhibits the formation of the siloxane groups 
in the layer. Therefore, when curing was performed, the number of siloxane groups strengthening 
the silica network was not sufficient to resist the physical stress. In conclusion, the so-prepared 
imprinted particles could not be further used due to the instability of the recognition layer.
As already mentioned, the silica formation, in particular its shape, can be controlled, among 
others, with the help of the applied pH, and the presence of salt and catalyser. The presence of 
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salt, due to its ionic strength, induces the formation of gel-like silica with scattered bonds, whi-
le the basic condition or basic catalyser promotes the formation of particular silica with dense 
crosslinking. For the stability of the recognition layer, the degree of internal crosslinking has to 
be improved. Therefore, to compensate the effect of the ionic strength by citrate, the idea was 
to accelerate the silica formation by applying a slightly higher pH. 
The recognition layer growth was carried out at different pH values, ranging from pH 6 to 8, and 
characterized by FESEM. The pH value of the reaction suspension was measured before and 
after adding TEOS and APTES, respectively. This experiment led to two interesting observations: 
   1)   Basic conditions improved the rate of organosilane polycondensation. 
   2)   The pH value of reaction suspension shifted after adding APTES.
The first observation has already been described in the literature, while the second observation 
about the pH shift has not been described yet. Therefore, the pH-shift was further investiga-
ted by performing the silane polycondensation in different buffer solutions, namely citrate, MES 
(2-(N-morpholino)ethanesulfonic acid), HEPES (2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethansulfo-
nacid), and phosphate, all at 10mM.
As APTES contains an amino group, it reacts like a base when added to water due to the de-
protonation of the amino group. The shifting of the pH has not been described because most 
reactions with APTES have been carried out in organic solvents such as ethanol. For carrying 
out the imprinting in water without a buffer, 6µl APTES was added into 6ml reaction suspension, 
which increased the pH by one unit (e.g., from 6 to 7). The presence of a buffer can compensate 
the pH increase induced by APTES, but the buffer capacity had to be considered. Depending on 
the buffer capacity of the applied buffer, a different buffer concentration was needed to inhibit 
the effect of APTES. Buffers with low buffer capacity, such as citrate (pKa 5.4) or MES (pKa 6.1) at 
pH 6, did not avoid the pH shift when their concentration was at 10mM. In contrast, buffers with 
high buffer capacity, such as phosphate (pKa 7.2) or HEPES (pKa 7.5) at pH 7, could avoid the 
shift at 10mM, which had consequences on the polycondensation rate. The starting pH needed 
to be already at 8 to allow the formation of the recognition layer within 6 hours. Considering the 
ionic strength and buffer capacity, a stable silane layer of 20nm could be formed in the presence 
of different salts, namely, NaCl, citrate, MES, HEPES, phosphate and EDTA (Ethylenediaminete-
traacetic acid), see representative FESEM micrographs in Fig. 4.5.
Interestingly, the large spherical structures that the NorVLP encapsulated in silica appeared in 
all conditions, except for when citrate or EDTA were added. This result confirms the initial hypo-
thesis that a polyanion inhibits the silica formation at the surface of the NorVLP. Both citrate and 
EDTA feature a high number of carboxyl groups – three in case of citrate, four in case of EDTA. 
These carboxyl groups can interact and cover the positively charged AAs of NorVLP. The imprin-
ting in the presence of citrate was then further optimized. 
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Figure 4.5: Effect of different salts on the recognition layer – FESEM micrographs of particles after 6h 
organosilane polycondensation in 10mM NaCl (A), citrate (B), MES (C), phosphate (D), HEPES (E), EDTA 
(F); scale bars: 100nm.
The imprinting was carried out in the presence of increasing concentrations of citrate, namely, 
10, 25, 50, 75 and 100mM, adjusted at pH 7. This pH value improved the polycondensation rate 
and, thus, the stability of the layer formed. Additionally, at this pH value, citric acid (pKa at 3.1, 
4.8 and 5.4) is expected to be fully un-protonated and does not behave as buffer anymore, even 
at high concentrations. The so-produced particles were analysed by FESEM to determine the 
presence of imprints at the surface and the thickness of the recognition layer formed (Fig. 4.6). 
The FESEM micrographs show that the virus imprints are present as cavities at the surface of 
imprinted particles for citrate concentrations up to 75mM. The determination of the thickness 
shows that the presence of citrate also slows down the silica formation at the surface of the 
SNPs. For citrate concentrations of 10, 25, 50, 75 and 100mM, the layer at the surface of the 
SNPs grew to 32±3nm, 25±3nm, 30±2nm, 17±3nm, and 8±2nm, respectively, within 6 hours.
 
Figure 4.6: NorVLP imprinting at increasing citrate concentrations – a) FESEM micrographs after silica 
formation; scale bars: 100nm. b) Thickness of recognition layer after 6h silane polycondensation.
a b
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The low layer thickness for 100mM citrate explains the absence of imprints in the formed recog-
nition layer. In contrast to the previously imprinted particles that were obtained at lower pH, the 
treatment with ultrasonication did not affect the recognition layer; neither the silica layer nor the 
number of imprints changed significantly. This observation confirms that the imprints were not 
generated through weakening of the formed silica layer, but were rather a result of the locally 
inhibited growth of the silica layer on the NorVLP surface. 
On the basis of these results, the standard protocol to generate NorVLP-imprinted particles in-
cluded performing the recognition layer growth using 25mM citrate at pH 7.
4.1.2 Binding assay with NorVLP-imprinted particles
The functionality of the imprints to rebind the template virus was further investigated by perfor-
ming binding assays. In order to understand whether the binding occurs through the imprints, the 
binding efficiency of both NorVLP-imprinted particles (VIPs) and non-imprinted particles (NIPs) 
was determined. The binding efficiency was evaluated by quantifying the amount of unbound 
virus in the reaction medium. Both conditions for the binding assays and the virus quantification 
were defined before studying the binding properties of particles. 
 
4.1.3.1  Quantification of NorVLP
The method of choice for the quantification of NorVLP was enzyme-linked-immunoassay (ELI-
SA), which combines natural antibody (Ab) recognition with enzymatically catalysed amplifica-
tion. Among the different formats for ELISA, indirect and double antibody sandwich ELISA were 
tested for quantification (Fig. 4.7). Both formats are based on the immobilization of the antigen 
(Ag) and the subsequent determination of the formed antigen-antibody complex through an 
enzyme-catalysed colorimetric assay. The main difference between these two formats lies in 
the way the antigen is immobilized. In indirect ELISA, the antigen, here the NorVLP, was directly 
immobilized on the surface of a 96-well plate via ionic interactions before the antibodies for de-
tection were added. 
Figure 4.7: Schemata of ELISA formats applied for NorVLP quantification
a b
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In case of sandwich ELISA, an antigen-specific antibody was first immobilized on the plate and 
then the antigen was bound via the antibody. Further details about the two ELISAs are described 
below.
 
Indirect ELISA
In brief, the indirect ELISA included the following steps:
   1.   Adsorption of the sample on the plate = Coating
   2.   NorV-specific Ab binding on NorVLP = specific recognition
   3.   Enzyme-conjugated Ab binding the first Ab = formation of transduction system
   4.   Enzymatic reaction = Visualization of presence of Ag-Ab complex 
In indirect ELISA, the number of NorVLP immobilized on the plate was determined via the sub-
sequent binding of two antibodies: a NorV-specific Ab and an enzyme-conjugated Ab; the latter 
recognized the first Ab through its constant region. After binding the enzyme-conjugated Ab, 
an enzyme is available for a colorimetric reaction, resulting in a coloury and, thus, detectable 
product. As the generation of the coloury product depends on the number of formed NorVLP-Ab 
complexes, the intensity of the colour (or light absorption) is correlated with the concentration of 
NorVLP immobilized on the plate. 
The main advantage of the indirect ELISA is that all reagents – NorV specific Ab and enzy-
me-conjugated Ab – were commercially available and could be applied directly without further 
modifications. However, the quantification relied on the efficient coating of NorVLP, which was 
affected by the composition of the sample, such as protein concentration and composition. 
Therefore, each modification in the binding assay required its own calibration curve for the virus 
quantification. 
 
Sandwich ELISA
In a classical sandwich ELISA, the transduction of the formed Ab1-Ag-Ab2 complex to a signal 
is determined via an enzyme-conjugated Ab. However, this transduction system requires that the 
two Ag-specific antibodies are from different species, such as mouse, rabbit or sheep. Since the 
enzyme-conjugated Ab recognizes the species-specific constant part of an Ab, the conjugated 
Ab binding the on plate immobilized Ab1 independently from antigen can be avoided. As there 
were no NorV-specific antibodies available from any other species than mouse, the biotin-avidin 
system was applied as a transduction system. 
In brief, the sandwich ELISA using biotin-avidin complex included the following steps:
   1.   Adsorption of NorV-specific Ab = Coating with 1. Ab
   2.   Binding of Ag from sample by 1. Ab = 1. Specific recognition 
   3.   Binding of 2. NorV-specific Ab with biotin on bound antigen = 2. Specific recognition 
PhD Thesis by Sabine Sykora
- 42 -
   4.   Binding of enzyme-conjugated avidin on biotin = Formation of transduction system
   5.   Enzymatic reaction = Visualization of presence of Ab1-Ag-Ab2 complex 
Biotin and avidin are known to have the highest natural affinity through non-covalent interac-
tions. Furthermore, biotin is with 244g/mol a small molecule and, thus, does not disturb the 
functioning of a protein after conjugation. Biotinylated NorV-specific antibodies were obtained 
via a commercial biotinylation protocol (see section 6.1). 
The main advantage of the sandwich ELISA is that Ag binding is less affected by sample com-
position and also more specific because the two antibodies bind different sites of the same Ag, 
reducing cross-reactions. 
Calibration curves
After optimization, both ELISAs were obtained in both formats, in terms of signal-to-noise ratio, 
calibration curves (Fig. 4.8) to determine sensitivity, linearity, precision and limit of detection. 
As can be seen from the two calibration curves, the applied concentration of up to 55ng/ml Nor-
VLP was in linear correlation with the measured optical density in both ELISA formats. But the 
indirect format surpassed the sandwich format in terms of linearity and precision indicated by 
a coefficient of determination (R2) and standard deviation of data, respectively. With the indirect 
format, an R2 of 0.998 and a very low standard deviation of 0.005 on an average were deter-
mined, while with the sandwich ELISA, an R2 of 0.978 and obvious standard errors of 0.08 at high 
NorVLP concentrations indicated the upper limit of detection.
Another difference between the two ELISAs can be seen when looking at the OD-values ob-
tained without NorVLP (blank). The blank in sandwich ELISA, with an OD of 0.2, was significantly 
higher than the blank in indirect ELISA with an OD of 0.06, indicating unspecific binding. In case 
of the sandwich ELISA, the avidin was found to bind on proteins from the sample when it was not 
diluted sufficiently. The unspecific binding of avidin reduced the precision as well as the lower 
limit of detection of the sandwich ELISA.
  Figure 4.8: Calibration curves obtained through a) indirect ELISA and b) sandwich ELISA;
a b
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In conclusion, the indirect ELISA was used as a standard method for the NorVLP detection 
because of its better reproducibility and sensitivity. 
4.1.3.2   Binding Assay
In general, the binding assays were performed as follows:
   1.   Incubation of VIPs and NIPs, respectively, with NorVLP in well-defined conditions - i.e.  
         contact time, buffer, pH, and ionic strength;
   2.   Separation of unbound NorVLP from the silica particles through centrifugation; 
   3.   Quantification of the amount of NorVLP in the supernatant via indirect ELISA;
   4.   Determination of binding efficiency.
The binding efficiency was defined as the relative concentration of the bound NorVLP and it was 
calculated using the concentration values from the binding assay with particles ([NorVLP]R) 
and without particles ([NorVLP]P). The latter was used as reference for effects on the NorVLP 
concentration that were induced by processes other than the binding of the particles, such as 
adsorption (e.g., on the surface of the reaction vessel), precipitation, and coating efficiency. 
The formula used was as follows: 
 Bindings efficiency =  1 - ([NorVLP]P / [NorVLP]R)
The so-defined binding efficiency shows the relative quantity of NorVLP that was removed from 
the liquid phase through the adsorption on the particles’ surface. The adsorption can be due 
to specific binding via the imprints and unspecific binding via non-imprinted silica surface. To 
distinguish between these two binding fashions, the binding efficiency of VIPs and NIPs was 
compared. VIPs, with their improved binding properties, were expected to surpass the NIPs in 
terms of binding efficiency.   
To evaluate the binding properties of the imprints, the first step was finding the binding condi-
tions that shift the mode of binding towards more specific binding. This optimisation included 
the reduction of unspecific adsorption of NorVLP via the silica surface. For this purpose, the 
addition of non-template protein and citrate were tested for their influence on the NorVLP bin-
ding. Further, the binding assay was studied in terms of contact time and the concentration of 
particles and template in the assay.  
Under standard conditions, the binding suspension (vol: 120µl) was stirred at 650rpm at 25°C 
for 30min, and contained the following components:
   •   Buffer at pH 6 containing 10mM phosphate, 10mM citrate and 50mM NaCl 
   •   Added protein at 75µg/ml
   •   NorVLP at 700ng/ml (= 65pM)
   •   Silica particles (VIP or NIP) at 810µg/ml
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Effect of proteins on the binding
In case the target molecule is a protein, like the NorVLP, other proteins such as bovine serum 
albumin (BSA) are generally added to the binding medium to improve the colloidal stability of the 
target protein, and thus reduce the degree of precipitation and unspecific adsorption. 
When SNP is used to bind NorVLP, the additional proteins not only improve the stability of the 
NorVLPs, but also function as direct competitors for the binding site on the surface of SNP. 
Both imprinted and non-imprinted SNP exhibit polar groups on the surface, causing unspecific 
binding of any protein. It is assumed that the imprints on VIPs enhance the affinity for NorVLP 
compared to other proteins due to the structurally optimized interactions, making the binding 
NorVLP-specific. The addition of other proteins should thus affect the unspecific binding of 
non-imprinted surfaces than the specific binding via the imprints, resulting in different binding 
efficiencies for VIPs and NIPs. To confirm this hypothesis, binding assays were performed with 
VIP and NIP using increasing concentrations of BSA and skim milk, respectively.
The binding efficiencies that were determined at increasing concentration of BSA are shown 
in Figure 4.9. As can be seen in Figure 4.9a, the binding efficiencies for both VIP and NIP were 
quite similar at any tested BSA concentration. On increasing the BSA concentration from 50 to 
120mg/ml, the binding efficiency decreased from 93% to 78% for VIP and from 94% down to 
80% for NIP, indicating BSA inhibited the NorVLP binding. But considering the standard devia-
tion to the data points, as shown in Fig. 4.9b, this decrease by 20% is only a bit higher than the 
obtained standard deviation of the NorVLP detection via ELISA of ±10% in average. The high 
standard deviation was attributed to the low concentration of NorVLP that remained in the liquid 
phase for detection. Furthermore, after increasing the BSA concentration further to 150mg/ml, 
the binding efficiency remained unchanged. 
Since both VIP and NIP bound NorVLP to the same extent, it was to be expected that NorVLP 
was mainly bound unspecifically to the silica surface. The addition of BSA, thus, did not inhibit 
the binding of NorVLP on the non-imprinted silica surface. 
Figure 4.9: Binding efficiency at varying concentration of BSA – Data points of VIP in blue and of NIP in 
red are depicted a) without standard deviation for better understanding of the trend and the comparison 
of collected data; b) with standard deviation to understand their precision.
a b
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The fact that BSA did not affect the binding of NorVLP might be explained with the IEPs of the 
two proteins. At the applied pH of 6 for the binding, BSA, with an IEP of 4.7, was negatively 
charged, while NorVLP, with an IEP of 6, had a neutral overall charge. The BSA molecules were 
mostly repulsed from the negatively charged surface of the silica and remained in solution, while 
NorVLP could come very close to the silica surface for binding. With this significant difference in 
charge, BSA could not compete with the NorVLP for the binding regions on the silica particles. 
Hence, to reduce the unspecific binding of NorVLP on silica, the added proteins needed to bind 
on the non-imprinted silica surface at a similar rate or faster than NoVLP. 
Alternative to BSA, skim milk was tested as a competitor for the silica surface in the binding as-
say; skim milk contains a mixture of different proteins with varying IEPs, ranging from 6 to 9. Part 
of the protein mixture is expected to be strongly positively charged and to be quickly adsorbed 
by the silica surface, occupying mainly the non-imprinted sites. 
Indeed, the binding efficiency of NorVLP by VIP and NIP determined at increasing concentrati-
on of skim milk (Figure 4.10) showed an inhibition of the NorVLP binding. Starting from 94% at 
10mg/ml skim milk, the binding efficiency decreased at 150mg/ml skim milk down to 15% and 
9% for VIP and NIP, respectively. Of note, at 75mg/ml skim milk, the binding efficiencies were 
70% for VIPs and 40% for NIPs, indicating higher specific binding by VIPs than by NIPs. This 
difference between the data points of VIP and NIP is also significantly higher than the standard 
deviations. This skim milk concentration inhibited mainly the unspecific binding, while specific 
binding via imprints still occurred significantly. These results not only show that skim milk can 
compete with NorVLP for the binding sites, but also distinguished between VIP and NIP. This 
was thus the first proof that the prepared VIP owned specific binding properties for NorVLP due 
to the imprints. 
Skim milk at 75µg/ml was then used in the following assays to provide the condition for specific 
binding.
  
Figure 4.10: Binding efficiency at varying concentration of skim milk – Data points of VIP in blue and 
of NIP in red are depicted a) without standard deviation for better understanding of the trend and the 
comparison of collected data; b) with standard deviation to understand their precision.
a b
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Effect of citrate
Citrate, which was part of the binding medium to stabilize NorVLP in solution, was tested for its 
effect on the interaction between NorVLP and silica particles. The collected binding efficiencies 
of VIP and NIP were plotted against the citrate concentration, as shown in Figure 4.11. It can be 
seen that the binding efficiency of NorVLP decreased from 80% to 10% in case of VIP and from 
40% to 10% in case of NIP, when the citrate concentration was increased from 10 to 100mM. 
These results demonstrate that citrate efficiently prevents the NorVLP binding.
Figure 4.11: Binding efficiency at varying concentration of citrate – Data points of VIP in blue and of NIP 
in red are depicted with standard deviations. 
Based on these results, citrate was further tested to remove the bound NorVLP from the surface 
of VIPs. For this purpose, VIPs were first incubated with NorVLP at standard binding conditions 
and then separated from the unbound NorVLP via centrifugation. The pelleted particles with 
bound NorVLP were washed with citrate solution at different concentrations. The NorVLP that 
were released from the particles through this process were obtained via centrifugation and de-
termined via indirect ELISA. These values were correlated to the amount of previously bound 
NorVLP and plotted against the citrate concentration used for washing (Fig. 4.12). It can be seen 
that citrate at 200mM released all of the prior bound NorVLP from the particles. 
Figure 4.12: Release of NorVLP from VIPs through washing with different concentrated citrate solution 
Detected NorVLP concentration was correlated with the concentration of prior bound NorVLP. 
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This finding is particularly interesting as it offers the possibility of washing the particles after use 
or using the particles to concentrate viruses by releasing the viruses into a smaller volume.
Effect of particle concentration
The effect of particle concentration on the binding was assessed through two experimental mo-
des. In Mode 1, particle concentration was changed while the concentration of all other compo-
nents was kept constant. In Mode 2, beside the particle concentration, the concentration of skim 
milk was also changed to keep the relative ratio of particles to skim milk constant. The binding 
efficiencies for both modes were plotted against time, as shown in Figure 4.14. After reducing 
only the particle concentration from 810 to 90µg/ml (Mode 1, 4.13 a), the binding efficiency 
decreased from 80% to 0%.  In contrast, on varying both the particle and skim milk concent-
ration (Mode 2, 4.13b), the binding efficiency did not change significantly. This result indicates 
that the binding efficiency depends on the particles-to-skim milk ratio. In mode 1, as the particle 
concentration was decreased, the skim milk concentration per particle increased. Consequently, 
proteins from skim milk occupied more sites on the particle surface and thus prevented NorVLP 
binding. When the skim milk-to-particles ratio was kept constant, like in mode 2, the percentage 
of the particles’ surface occupied by skim milk and or NorVLP did not change. This result also 
proves that the protein from skim milk are indeed binding on the silica surface, inhibiting unspe-
cific NorVLP binding as competitive inhibitor. 
Figure 4.13: Particle concentration effect – a) Binding efficiency at varying concentration of VIP, while 
concentration of skim milk was kept constant; b) Binding efficiency at varying concentration of VIP and 
skim milk, while ratio was kept constant; 
Effect of template concentration
The effect of template concentration on the binding was assessed by varying the NorVLP con-
centration from 30 to 1400ng/ml. The determined binding efficiencies were plotted against the 
initial amount of NoVLP (Fig. 4.14). It can be seen that there was no change in the binding effi-
ciency at the chosen template concentrations. 
a b
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 Figure 4.14: Binding efficiency of VIP at varying concentration of NorVLP
The low values at 30ng/ml were rather a result of the detection limit of the ELISA. The fact that 
the VIP efficiently bound even at higher concentrations of NorVLP indicates that the imprints 
were not saturated with NorVLP yet. 
Contact time
After optimizing the binding conditions, a time course of the binding process was obtained by 
determining the binding efficiency at different time points – 0, 2.5, 5, 10, 20 and 30min. The de-
termined binding efficiencies of VIP and NIP were plotted against the time, as shown in Fig. 4.15. 
It can be seen that most of the NorVLP was bound after 5min, and the VIP bound up to 80% and 
NIP up to 30% of the added NorVLP. The improved binding property by the imprints was thus 
proven to be reproducible as well.
Figure 4.15: Binding efficiency observed over time – Data points of VIP in blue and of NIP in red are 
depicted with standard deviations. 
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4.1.3 Outlook for general virus imprinting protocol
One criterion for imprinting techniques is the possibility to imprint more than one template. To 
date, most of the imprinting protocols published have failed because they depend on specific 
properties of the template. The first templates for the virus imprinting protocol applied here were 
the two plant viruses, TYMV and TBSV, with similar properties in terms of size and amino acid 
composition. In this work, NorVLP, as safe analogue for human pathogen virus, was tested as 
template using the same protocol expanded with several modifications.  
The findings reported in this chapter of the thesis clearly demonstrate that:
1)   NorVLP can be used as template for virus imprinting by applying citrate as additive.
2)   The produced, imprinted particles specifically bind and thus recognize the template NorVLP.
The virus imprinting protocol can thus be applied on different icosahedral viruses, considering 
the presence of cationic amino acids in the outer protein shell, which can induce the complete 
encapsulation of the template with silica. The encapsulation can be avoided by the addition of 
sufficient concentration of citrate overlaying the cationic charge. 
Properties found for NorVLP are probably also true for other human pathogen viruses. Conside-
ring that each potential host cell features a negatively charged glycocalyx at its surface, a posi-
tively charged virus shell supports the binding between virus and its host cell. With the addition 
of citrate, we are thus one step closer to a generally applicable protocol for virus imprinting. 
The protocol might be further adapted on icosahedral virus particles with more sophisticated 
surface structure. Besides the icosahedral protein shell, many viruses express specific struc-
tured proteins at their surface to recognize the host cells, such as Rotavirus, Adenovirus and 
Coxsackievirus. Another challenge for the imprinting would be the binding of those viruses with 
a protective envelope around their capsid, such as Influenza virus. However, further adaptation 
and application of the virus imprinting protocol depends on the availability of these viruses in a 
non-infectious state at gram quantities.
The best option for the virus imprinting protocols is the availability of virus-like particles that are 
structural homologs of the wild viruses. However, since there have been limited applications for 
structural homologs of VLPs, their number is still low. An increase in the motivation to synthesize 
structural homologs of VLPs might occur after proving the possibilities of the VIPs as recognition 
units in detection systems. Therefore, the work in the next chapters focuses on combing the 
recognition layer with different transducing systems to create innovative detection systems. 
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4.2    Biocatalytic imprinted particles
In this section, the first of the two transduction systems to convert the NorVLP binding into an 
optical signal is presented; it is based on an enzymatic reaction that depends on the number 
of NorVLPs that are bound by the VIP through its imprints. The necessary enzyme is entrapped 
within a first silica layer on the silica nanoparticle surface, which is subsequently covered by the 
recognition layer containing the imprints. 
The development of the detection system was carried out in the following steps:
   1.   Feasibility test of successive formation of the enzyme and recognition layers
   2.   Enzyme-catalysed colorimetric assay
   3.   Entrapment of the enzyme in silica
   4.   Virus-imprinting of biocatalytic particles
   5.   Finalization of the detection assay
4.2.1  Feasibility test
Such a transduction system, which is based on the subsequent formation of two functionally 
different silica layers, has not been reported before in literature. Both silica-based imprinting and 
enzyme encapsulations have been applied separately, but never in combination; in fact, it was 
not even known whether this was feasible. Therefore, the first experiments in this context were 
to prove the chemical feasibility of forming the recognition layer on a silica layer containing en-
zymes. The crucial point for a successful combination of both processes was the right compro-
mise between the conditions for silica formation on one side and the preservation of the delicate 
enzymatic functionality on the other. Therefore, several phases of the imprinting process needed 
to be adapted.
In the frame of a project with the aim to stabilize enzymes for their application in biotechnology, 
biocatalytic active silica particles were generated to provide lactose-free milk by entrapping 
β-galactosidase (βgal) from Kluyveromyces lactis (EC: 3.2.1.23), in an organic silica layer.5 These 
silica particles were used for the feasibility test and are referred as βgal-SNP in this work. The 
surface of these particles was imprinted using the previously developed NorVLP-imprinting pro-
tocol. The resulting imprinted βgal-SNPs were also tested for their use as detection assay. 
4.2.1.1  Formation of imprinted layer on enzyme-containing silica layer
In the first approach, the imprinting protocol was applied without modifications when performing 
the immobilization of NorVLP in nanopure water and then the imprinting in 25mM citrate buffer 
at pH 7, as illustrated in Fig. 4.16. 
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Figure 4.16: Schematic illustration of virus-imprinting directly on βgal-SNPs including Step 1: NorVLP  
immobilization; Step 2: Recognition layer growth; Step 3: NorVLP Removal
The surface and size of the so-modified βgal-SNPs were characterized by means of FESEM: the 
formation of the imprinted layer was confirmed by the presence of the characteristic imprints and 
the increase in diameter by 24nm on average (Fig. 4.17a). However, after sonication for 20min, 
particles with partially or totally removed imprinted layer were found (see Fig. 4.17b); the par-
ticles without imprinted layer were identified as βgal-SNPs due to their size of ca. 411nm, which 
corresponds to the size of SNP (375nm) with 18nm protection layer. It was assumed that the 
formed silica layer was removed from the βgal-SNPs through sonication. 
Figure 4.17: NorVLP imprinting directly on βgal-SNPs - FESEM micrographs a) before and b) after so-
nication) sonication for 20min; scale bar: 100nm.
In the previous section, layer removal was attributed to a lack of crosslinking siloxane bonds that 
stabilize the silica network. In case of βgal-SNPs, it was assumed that there was not sufficient 
crosslinking between the already present organosilica layer and the newly formed imprinted lay-
er. The previously reported synthesis of NorVLP-imprinted particles was carried out on a smooth 
silica surface with limited number of amino functions from the immobilization. In contrast to 
the surface of bare silica, the surface of βgal-SNPs exhibits an organosilica layer with a greater 
amount of organic functional groups gained from the enzyme entrapment, with high quantities 
of TEOS and APTES. The organic side of APTES cannot participate in the siloxane formation; 
consequently, it reduces the number of possible linkages and, thus, represents a dead end for 
the silica formation. 
To circumvent this difference in surface composition, βgal-SNPs were incubated for one hour 
with TEOS alone to form an ultra-thin silica layer on their surface before proceeding with the 
a     b
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imprinting. The FESEM analysis of the so-prepared particles showed that the majority of them 
conserved the imprinted layer even after sonication. This result proves the possibility to form 
two functional silica layers subsequently on the same particle surface. The initial treatment with 
TEOS was performed for all further imprinting experiments on biocatalytic particles. 
4.2.1.2  Stabilization of enzymatic activity during imprinting
One requirement for the detection system was that the enzyme should preserve its biocatalytic 
function after being embedded in the organosilica layer and after virus imprinting; therefore, the 
next step was to ensure the enzymatic activity of the imprinted biocatalytic particles. In this con-
text, the imprinting protocol was modified to avoid inactivation of the enzyme as follows:
   1.   All chemical modifications on the particle surface were carried out in a buffer solution,  
         stabilizing the biocatalytic function.
   2.   Imprinting process was carried out at pH 6 instead of 7 to avoid inactivation of the 
         enzyme at basic conditions. 
The so-modified βgal-SNPs were tested for their enzymatic activity via two different spectropho-
tometric activity assays (Fig. 4.18). 
Figure 4.18: β-Galactosidase assays – Colorimetric activity assay with o-nitrophenyl-β-D-galactopyra-
noside (ONPG) as substrate and fluorescent activity assay with 4-methyl-umbelliferone β-D-galactopy-
ranoside (MUG) as substrate.
As a first test, a colorimetric activity assay was performed, which is based on the conversion of 
the artificial substrate o-nitrophenyl-β-D-galactopyranoside (ONPG) to galactose and 2-nitro-
phenol. After a defined reaction time, basic conditions were realized by adding sodium carbo-
nate to let the 2-nitrophenolat absorb light at 420nm; the basic conditions also stopped the 
enzymatic reaction by inactivating the enzyme. In case of the biocatalytic particles, the reaction 
was first stopped and then centrifuged to obtain a particle-free supernatant for the measurement 
of the absorbance. 
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It was assumed that the activity decreases after virus imprinting, since the recognition layer 
prevents the substrate uptake by the enzyme, except at the imprints. Indeed, the imprinted βgal-
SNPs showed low activity close to the detection limit of the colorimetric activity assay. For this 
reason, a fluorescence-based assay utilizing substrates that fluoresce upon hydrolysis was em-
ployed to provide increased sensitivity. In this assay, 4-methylumbelliferone β-D-galactopyrano-
side (MUG) was hydrolysed to galactose and to the fluorescent molecule 4-methylumbelliferone 
(MUB), which can be determined by excitation with a light of 360nm wavelength and filtration of 
the emitted light at 460nm. This conversion can be observed as end-point measurement under 
basic conditions as well as continuous measurement, giving more details about the enzymatic 
reaction.
Stabilizing of enzymatic activity during chemical modifications
The β-galactosidase and βgal-SNPs were stored in phosphate buffer at pH 6.5, containing 
100mM potassium phosphate and 5mM MgCl2. Mg+2 is the cofactor for the β-galactosidase and 
it is bonded tightly inside the enzyme. The leakage of the Mg+2 from the β-galactosidase was 
avoided by adding it in excess during reactions and storage. Because of the high ionic strength 
of the phosphate ions, the phosphate buffer reduces the reactivity of organosilanes. Therefo-
re, the immobilization and silica entrapment of β-galactosidase were performed in 10mM MES 
buffer at pH 6.2 with 5mM MgCl2, (MES buffer), in order to preserve the biocatalytic functions 
of βgal-SNPs. The same buffer was applied for the chemical modification steps prior to the im-
printing. To understand the reason for the decrease in the enzymatic activity, βgal-SNPs were 
differently treated. The activities of βgal-SNPs were determined via colorimetric activity assay 
after each treatment. A portion of the particles was treated with all chemical modifications and 
washing steps of the imprinting protocol: the enzymatic activity dropped to 7% and to 0.7% of 
starting activity after the first two chemical modifications and washing steps. Another portion 
of particles was only washed, which included repeated centrifugation and re-suspending: the 
enzymatic activity dropped to 31% and to 1.8% of starting activity after the first and the second 
washing, respectively. 
Thus, the washing alone reduced the enzymatic activity significantly, while the chemical mo-
dification contributed additionally to the activity loss. Washing includes centrifugation of the 
suspended particles, which compressed the particles so that they formed aggregates. The par-
ticles probably also remained aggregated during the reaction process in the activity assay. Due 
to the steric hindrance induced by the aggregates, the substrate cannot pass through to all par-
ticles in the inner portion of an aggregate. The limited access to substrate results in a reduced 
conversion rate even with intact enzyme molecules. 
Particle aggregation induced by centrifugation did not occur in the case of bare SNPs that fea-
ture a negatively charged surface in water. Therefore, the idea was to add citrate to particle 
suspension to overlay the particles with a negative charge and thus improve their colloidal sta-
bility. As was already used for VLP stability and to reduce silane polycondensation on the VLP 
PhD Thesis by Sabine Sykora
- 54 -
surface during imprinting, the multianionic property of citrate was expected to reduce the forma-
tion of aggregates. 
A first proof of the effect of citrate could be observed when small aliquots of βgal-SNPs (250µl, 
at 3.2mg/ml) were incubated in different solutions: MES buffer, nanopure water, 25mM citrate 
at pH 6, and 25mM citrate at pH 7 to estimate also the effect of the imprinting conditions on 
the enzymatic activity. After stirring for one hour at 10°C and 600rpm, the activity of the par-
ticles was determined via colorimetric activity assay, and is shown in relation to the activity of 
untreated βgal-SNPs in Fig. 4.19. It can be seen that the enzymatic activity decreased signi-
ficantly in water (down to 44%) and in MES buffer (down to 43%), while the activity remained 
high in the solutions containing citrate - 97% at pH 6 and 94% at pH 7. These results indicate 
the assumed effect of citrate, but also that the availability of magnesium ions is less important 
for the stability of the enzymatic activity than the prevention of particle aggregation. The citra-
te solution at pH 7 was also tested to estimate the effect of the imprinting conditions on the 
enzymatic activity.  
Figure 4.19: Enzymatic activity of βgal-SNPs after incubation for 1h at different solution.   
Based on these results, 10mM citrate was added to each chemical modification step prior to 
the imprinting. The enzymatic activity of the so-modified particles was measured via fluorescent 
activity assay after different modification steps. Their values are shown in direct comparison with 
the activity of particles that were modified in nanopure water in Figure 4.20 with both data sets in 
relation to the activity of untreated βgal-SNPs. In the solution containing citrate, activity decrea-
sed to 74% and 55% after modification with TEOS and APTES, respectively, while in nanopure 
water, the activity decreased to 41% and 10% after the same steps. After performing the mo-
dification with glutaraldehyde and template binding, particles showed significantly low activity, 
close to the detection limit, in both conditions. The reduction of the activity at this step can be 
attributed to the modification with glutaraldehyde, inducing particle clumping. Nevertheless, at 
this step, the activity of particles incubated in citrate was higher than that in nanopure water— 
5% against 2%. These data demonstrate that the addition of citrate improved the activity of 
modified particles.
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Figure 4.20: Enzymatic activity of βgal-SNPs after modification nanopure water (black) and 10mM 
citrate pH 6 (red). 
After modifying the βgal-SNPs in 10mM citrate at pH 6, the immobilization of NorVLP and 
the subsequent silica formation were performed in 25mM citrate at pH 7. The so-prepa-
red particles showed a thick layer of 20nm, with a high number of imprints when they were 
analysed using FESEM. This observation proves that the addition of citrate did not af-
fect the efficiency of the chemical modification and, thus, the quality of the imprinting. 
Stabilizing of enzymatic activity during imprinting
Incubating biocatalytic particles in strong acidic or basic solutions might inactivate the entrap-
ped enzyme. Therefore, conditions with neutral pH values were tested for the imprinting on βgal-
SNPs. With regard to the increase of the pH by APTES, the citrate solution, which was at pH 6 for 
the immobilization of NorVLP, had the final pH value of 7 during the imprinting process. However, 
performing the imprinting at pH 7 instead of pH 8 reduced the reaction rate of the organosilane 
polycondensation. Consequently, a significantly longer reaction time of up to 80h was required 
to form a sufficiently thick recognition layer. 
While performing the imprinting at pH 7, the layer growth on the particles was observed overtime 
by means of FESEM analysis (Fig. 4.21), and the biocatalytic function of the particles was deter-
mined by means of activity assay (Fig. 4.22).
Figure 4.21: Imprinting on βgal-SNP at pH 7 - a) FESEM images after 20h (A), 40h (B), 62h (C) and 
88h (D) of polycondensation reaction; scale bar: 100nm.
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As can be seen from Figure 4.22a, the silica layer increased with an average rate of approxima-
tely 7nm per day. Thus, for the first two days, there was a thin layer of 10nm that was partially 
removed during the sample preparation for the FESEM, affecting the size measurement. As can 
be seen from Figure 4.22b, the enzymatic activity decreased with an average rate of 23% per 
day in correlation with the thickness of the silica layer. This correlation gave the first indicati-
on that the silica layer affects the enzymatic activity due to the reduced substrate diffusions. 
Figure 4.22: Imprinting on βgal-SNP at pH 7 monitored overtime via a) Thickness of silica layer and        
b) Enzymatic activity in relation to starting activity.
4.2.1.3  Detection of NorVLP by imprinted βgal-SNPs 
Finally, particles were synthesized using the two asked functionalities: β-galactosidase activity 
and NorVLP binding. The first one was demonstrated by the fluorescence activity assay, in which 
1mg imprinted βgal-SNPs showed 15% of original enzymatic activity. The second function was 
carried out in the presence of a 24nm recognition layer visualized by FESEM. 
These imprinted βgal-SNP were tested for their use in a detection system, in which the NorVLP 
binding was transduced into a spectroscopic detectable signal. In this context, the enzymatic 
activity of these particles was determined in the presence of NorVLP via fluorescence assay (Fig. 
4.23). 
As shown in Figure 4.23a, there was indeed a decrease in fluorescence signal after the addition 
of NorVLP. However, as shown in Figure 4.23b, the blank (reaction solution without particles) 
showed a similarly strong decrease in the signal, too. It can be assumed that the added NorVLP 
quenched the fluorescence signal of the product. Therefore, the imprinted βgal-SNPs were not 
used further for the detection system due to incompatibility of the available activity assays with 
the binding process. 
a b
PhD Thesis by Sabine Sykora
- 57 -
Figure 4.23: NorVLP detection by imprinted βgal-SNP via continuous fluorescence assay – a) Normal-
ized signal by biocatalytic VIPs that were incubated with different concentration of NorVLP: 0µg/ml 
(blue), 2.6µg/ml (red) and 14.6µg/ml (green); b) Original signal by samples without VIPs (blank) that were 
incubated with 0µg/ml (blue) and with 14.6µg/ml (green) NorVLP.
4.2.2 Enzyme-catalysed colorimetric assay for the detection system
The enzyme acid phosphatase (AP, EC 3.1.3.2) from potato (Solanum tuberosum) was chosen for 
the detection system due to the following reasons: 
   •  High stability 
   •  No cofactor required
   •  Colorimetric activity assay with high sensitivity
   •  Enzymatic activity at binding conditions (pH 6)
To measure the activity of AP, a colorimetric activity assay was used, which is based on the 
conversion of the artificial substrate p-nitrophenyl phosphate (pNPP) to phosphate and 4-ni-
trophenol (Fig. 4.24). After a defined reaction time, basic conditions were realized by adding 
sodium carbonate to let the 2-nitrophenolate absorb light at 405nm; the basic conditions also 
stopped the enzymatic reaction by inactivating the enzyme. In case of the biocatalytic particles, 
the reaction was first stopped and then centrifuged to obtain a particle-free supernatant for the 
measurement of the absorbance. 
Figure 4.24: Acid phosphatase assay with p-nitrophenyl phosphate as substrate.
a b
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Before synthesizing biocatalytic particles with AP, conditions for the activity assay were estab-
lished to quantify the enzymatic activity via end-point measurements. At first the reaction time in 
which the production rate correlates with the enzymatic activity was determined. For this purpo-
se, activity assays were performed with different amounts of enzyme and stopped after different 
time intervals. The absorbance of the product 4-nitrophenolate was measured and transformed 
to concentration values through a calibration curve of 4-nitrophenolate (ε: 17.8mM-1cm-1, d: 
0.6cm, R2: 0.999). The unit of the enzymatic activity (U) is defined as the amount of enzyme that 
hydrolyzes 1µmol of pNPP per minute at standard conditions.
The measurement results are shown in Fig. 4.25:
   a)   The higher the enzyme concentration, the faster is the increase in the product 
         concentration, i.e. (in other words) the higher the production rate.
   b)   The production rate is constant up to 20min for all enzyme concentration.
   c)   The production rate of second highest enzyme concentration decreased after 20min, 
         indicating that the concentration of the substrate is too low (to sustain the reaction); the  
         concentration level was still below the maximum detection limit.
   d)  The product concentration with the highest enzyme concentration reached the maximum 
     detection limit in 20min; consequently, no production rate decrease (reaction plateau) 
         could be detected.
Figure 4.25: Acid phosphatase assay with varying enzyme concentrations - a) Increase of product con-
centration over time; Enzyme concentration in use: 0.45, 0.9, 1.8, 3.6, 7.3 and 11µg/ml.
Fig. 4.26 shows that the production rate obtained from a reaction time of 20min correlates 
with the enzyme concentration linearly, allowing an enzyme concentration ranging from 0.009 
to 0.22U/ml to be quantified. Additionally, it can be seen that the specific activity of the used 
enzyme solution was 3U/mg.One requirement for the quantification of enzymatic activity is that 
it does not depend on concentration of applied substrate; therefore, substrate was applied in 
excess to the activity assay. 
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Figure 4.26: Acid phosphatase assay with varying enzyme concentrations - Production concentration 
at 20min plotted against the enzyme concentration; Enzyme concentration in use: 0.45, 0.9, 1.8, 3.6, 
7.3 and 11µg/ml.
The substrate independency was controlled through determination of the kinetic constants of 
the reaction. For the Michaelis constant (KM) of the substrate pNPP and the maximal velocity 
at substrate saturation (vmax), activity assays were carried out with 0.023U/ml AP for 10min at 
varying concentrations of substrate, ranging from 2 to 18mM. At high concentrations of pNPP, 
4-nitrophenolate was also formed without an enzymatic reaction due to auto-hydrolysis of pNPP. 
This additional signal was determined by measuring the reaction solution without enzyme (blank) 
and was subtracted from the signal of the reaction with enzyme. After plotting the product con-
centration against the substrate concentration (Fig. 4.27), an apparent KM of 0.25mM pNPP and 
vmax of 19µM/min or mU/ml were calculated; the latter correlates with the enzyme concentration 
of 0.023U/ml that was used in the assays. All successive assays were carried out with 6mM 
substrate, which saturated the enzymatic reaction with substrate. After estimating the optimal 
conditions to measure the enzymatic activity, the next step was the immobilization and entrap-
ment of AP on silica particles. 
Figure 4.27: Acid phosphatase assay with varying substrate concentrations - Production concentration 
at 10min is plotted against the substrate concentration; Enzyme concentration in use: 0.023U/ml.
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4.2.3 Entrapment of AP in silica
To prepare biocatalytic particles for the detection system, AP was first immobilized on SNPs 
and then entrapped in organosilica formed by the polycondensation of APTES and TEOS, as 
illustrated in Fig 4.28. 
Figure 4.28: Schematic illustration of acid phosphatase (AP) encapsulation including the following 
steps - Step 1: AP immobilization on SNP; Step 2: Organosilane polycondensation; Step 3: Curing of 
the final layer completely covering AP
Similar to NorVLP, AP was covalently immobilized through the crosslinker, glutaraldehyde, that 
connects the amino groups of the protein with the amino-functional groups on the APTES-modi-
fied SNPs. The efficiency of the immobilization was evaluated using two values – immobilization 
yield and activity recovery16, which are defined as follows:
   •   Immobilization yield (%) = 100 x [(starting activity - activity in supernatant)/starting activity] 
   •   Activity recovery (%) = 100 x (activity in particle suspension/starting activity)
Both values were determined after separation of particles and unbound enzyme, and were cal-
culated in relation to the starting activity. After AP was immobilized on the silica particles, these 
were incubated with organosilanes to form the silica layer on the particles surface.
Immobilization and entrapment of AP on silica
As first step for the immobilization of AP, the pH value that allowed the highest immobilization 
yield on the silica particles was determined. For this purpose, AP (at 32µg/ml) was incubated 
with unmodified SNPs (at 3.2µg/ml) in the following 50mM buffer solutions: acetate buffer at pH 
5 and 5.5, MES buffer at pH 6 and 6.5, and HEPES at pH 7. After 1h incubation, the unbound AP 
molecules in solution were separated from the particles through centrifugation and determined 
via activity assay. The resulting concentrations of AP in solution were used to calculate the AP 
immobilization yields as described before (Fig. 4.29). 
The highest value of 54% was found at pH 6, while the other pH between 5 and 6.5 had a yield 
of ca. 40%; the lowest yield was at pH 7. Generally, the immobilization of proteins is most ef-
ficient at the pH values close to IEP of the protein, as the colloidal stability is reduced and less 
repulsion occurs between the protein molecules. AP is found in the form of varying isoenzymes 
with slightly different IEP, which might explain the immobilization behaviour of AP.
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 Figure 4.29: Immobilization yield of AP on unmodified SNPs at different pH values.
On the basis of these results, covalent immobilization of AP was tested in nanopure water and 
in MES buffer, both at pH 6. After 1h incubation of AP (at 40µg/ml) and SNPs (at 3.2µg/ml), su-
pernatant and particles were separated and their enzymatic activity was tested (AC alternative: 
measured) to obtain immobilization yield and activity recovery, respectively. In nanopure water, 
the covalent immobilization was very efficient, with an immobilization yield of 96 ± 2% and an 
activity recovery of 95 ± 5%. In MES buffer, the immobilization yield had a value of 99 ± 1% and 
an activity recovery of 88 ± 4%, which was similarly efficient. The values for activity recovery 
showed high standard deviations because particles could not be completely solubilized in every 
sample after centrifugation. The particles with immobilized AP on their surface (SNPAP) were 
incubated with organosilanes for 2h at 20°C; FESEM characterization showed particles with 
different sizes due to variation in the thickness of the formed silica layer from 5nm up to 40nm 
(Fig. 4.30). 
Figure 4.30: Polydispersity of biocatalytic particles - FESEM micrographs of SNPAP after 4h organo-
silane polycondensation. Particles with silica layer from 5nm (right bottom) to 40nm (right top) can be 
observed. Scale bars: 1µm (left) and 200nm (right), respectively. 
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The reason for the different thick silica layers was assumed to be a result of particle aggregation, 
which induced a delayed silica layer growth on some particles. As illustrated in Fig. 4.31, when 
particles were present in aggregates during organosilanes polycondensation, the added orga-
nosilanes in the solution reacted primarily with external particles of the aggregates, leading to a 
fast silica formation (ca. 20nm/h). After a thick layer (approximately 30nm) was formed on the 
external particles, their solubility was improved, resulting in their separation form the aggregate. 
Later, the particles in the core of the aggregate could be reached by the organosilanes, also in-
ducing a silica layer growth on them.
Figure 4.31: Schematic illustration of silica layer formation on aggregated particles: At the begin of the 
organosilane polycondensation reaction the silica formation occured mainly on particles that were po-
sitioned at the outer side of particle aggregates. When the formed silica was around 30nm thick, they 
disassembled from the aggregate; unmodified SNPAP ,in grey and SNPAP with silica layer in blue.
To have such a significant effect on the silica formation, the particle aggregation took place most 
probably before adding the organosilanes and, thus, directly after immobilization of the AP. Sin-
ce no centrifugation was applied between the immobilization and the silica formation reaction, 
particle aggregation was probably induced by decrease of colloidal stability of the particles. This 
assumption was strengthened through the measurement of the ζ-potential of the particles before 
(SNP) and after immobilization of AP (SNPAP). 
In nanopure water, SNPAP showed a ζ-potential of 6.90 ± 0.16 mV, a significantly lower ζ-potential 
than the unmodified SNP with a potential of - 85.2 ± 1.7 mV. In contrast to SNP, SNPAP did not 
feature a significant high charge to induce repulsion between the particles, avoiding aggregation. 
To circumvent the formation of aggregates due to low ζ-potential, the idea was to co-immobilize 
BSA beside AP on the surface of particles. BSA has a similar size as AP, but has an IEP of 4.7. 
As with AP, the pH value for immobilization was determined by incubating BSA at 32µg/ml with 
unmodified silica particles (at 3.2mg/ml) in different buffer solutions. The immobilization yield of 
BSA at different pH values was determined via commercial Bio-Rad® Protein assay based on 
Bradford, and is shown in Fig. 4.30. The highest immobilization yield value of 74% for BSA was 
found at pH 5, which is close to its IEP of 4.7, while the yields were below 30% at pH values 
above 5. The reason for the low yields is that BSA has a strong negative charge at pH values 
above its IEP, thus reducing the contact with the SNP. Therefore, it can be assumed that the 
co-immobilization of BSA would allow charging the particles negatively at pH 6. 
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Figure 4.32: Immobilization yield of BSA on unmodified SNPs at different pH values.
Immobilization of AP and BSA on silica
As both AP and BSA could be sufficiently immobilized at pH 5 (AP: 40%, BSA: 74%), covalent 
immobilization of both proteins at 40µg/ml on SNPs (at 3.2mg/ml) was carried out in an acetate 
buffer solution of 50mM and pH 5 with following variants:
   a)   AP immobilization and BSA addition after 10min. 
   b)   BSA immobilization and AP addition after 10min.
   c)   AP immobilization without any further protein addition.
All variants were incubated for 30min in total, after which the enzymatic activity was determined 
in the supernatant and on the particles. The obtained activity values of all variants are shown in 
Figure 4.31. As can be seen from Fig. 4.33a, immobilization of BSA before AP reduced the yield 
by 15%, as the BSA partially occupied the surface of SNPs. In contrast, the activity recovery 
through the immobilization of BSA before AP increased significantly - see Fig. 4.33b. It can be 
thus understood that the activity of the particles depends on the number of immobilized AP and 
on the degree of aggregation. 
Figure 4.33: Effect of BSA on the immobilization of AP on SNP – a) Immobilization yield: AP activity in 
supernatant; b) Activity recovery: AP activity on particles.
a b
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The aggregate formation was also visualized via FESEM analysis (Fig. 4.34). In the absence of 
BSA, the particles formed complex aggregates with ca. 20µm x 4µm, shortly after AP immo-
bilization. Through co-immobilization of BSA and AP on the particles’ surface, the size of ag-
gregates was found to be significantly smaller with dimensions ca. 2µm x 2µm. These results 
demonstrate that particle aggregation can be reduced by the immobilization of BSA on the silica 
particles before AP. As the measurement of ζ-potential indicated, the effect of the immobilized 
BSA can be attributed to the increase in the ζ-potential from 6.90 ± 0.16mV to -24.05 ± 0.92mV, 
improving the colloidal stability of the particles. 
Figure 4.34: Particles aggregation after immobilization - FESEM images of particles after 
immobilization of AP (a) and particles after co-immobilization of BSA and AP (b). Scale bar: 2µm.
To increase the immobilization yield of AP, immobilization of BSA and AP was carried out in MES 
buffer at pH 6 without a delay between the addition of BSA and AP. Also, at this condition, par-
ticles with high colloidal stability were obtained because immobilization yield of both proteins 
was similar as before. Since the aim was to have highly biocatalytic particles, slightly more AP 
than BSA was added. 
At standard conditions - AP at 44 µg/ml (corresponding to 290U/L), BSA at 27µg/ml and SNP 
at 3.2mg/ml - the supernatant showed an activity of 0.8 ± 0.09U/L that corresponded to 0.3% 
of applied AP, indicating that over 99% of AP was immobilized on the particles. Additionally, the 
total protein concentration determined via Biorad protein assay showed that both AP and BSA 
were immobilized with a yield above 90%. 
Entrapment of AP and BSA in silica
After immobilization of AP and BSA on the surface of SNPs, they were further reacted with TEOS 
and APTES to entrap the proteins in silica. On the one side, the function of this silica layer is to 
protect the enzyme against external factors and, on the other side, to offer a smooth layer for 
the imprinting. 
a b
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Considering the estimated dimensions of 4 x 6 x 7.5nm for an AP dimer,17 and 8 x 8x 8nm for a 
BSA dimer18, a silica layer should have a thickness of at least 10nm to fully cover both proteins 
with silica. 
The surface and size of the so-prepared biocatalytic SNPs were characterized by means of 
FESEM. As can be seen from Fig. 4.35a, the surface of the unmodified SNPs changed from 
smooth to rough after few hours of reaction. The roughness indicates that the silica formation 
occurred not only at the surface of the SNP but also at the surface of the immobilized proteins. 
After continuing the reaction for 4h, the outer surface of SNP became smooth again because 
the silica completely covered all proteins without interspaces. As can be seen from Fig. 4.35b, 
the thickness of the silica layers increased linearly at a rate of 3nm/h to a maximum thickness 
of 12 ± 0.9nm, which was reached after 4h. At the applied conditions, the thickness did not 
increase further afterwards due to a reduced polycondensation rate, which is likely induced by 
the consumption of the APTES and TEOS. Another explanation might be that the proteins have 
a catalytic effect on the silica formation, which is significantly reduced when the proteins are 
already covered with silica.
The AP activity during the silica formation was monitored overtime via phosphatase activity 
assay (Fig. 4.35c). The AP activity dropped from 90 ± 1.2U/g (U per g SNP) to 11 ± 0.2U/g con-
comitantly with the silica formation. This loss in enzymatic activity was also observed when βgal 
was entrapped in silica and it can be attributed to the high interaction between the silica network 
and the enzyme, blocking the enzyme in a catalytically inactive state. 
Figure 4.35: Entrapment of BSA and AP in silica – a) FESEM image after 0h (A), 2h (B), 3h (C) and 
4h (D) organosilane polycondensation; Scale bar: 100nm. b) Silica formation and 
c) phosphatase activity overtime.
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As demonstrated with βgal-particles, applying a curing recovers enzymatic activity through the 
reorganization of the protective silica layer to a „soft” layer with improved flexibility.24 Accor-
dingly, the prepared particles after silica formation were incubated at 25°C for 24h to induce the 
curing. Later, the particles with a 12nm-thick and smooth enzyme-protecting silica layer showed 
a recovered activity of 32.4 ± 0.4U/g, which corresponded with 36% of the phosphatase activity 
that was immobilized on the particles before the silica formation. These biocatalytic particles 
were named SNPcat and used for the virus imprinting.
4.2.4  Virus-imprinting on biocatalytic particles
Based on the observations described in the feasibility test (section 4.2.1), the imprinting on the 
SNPcat was performed. As illustrated in Fig. 4.36, the imprinting process included: 
   1.   Modification of the particle surface with TEOS to stabilize the layer connection; 
   2.   Modification with APTES and glutaraldehyde to covalently immobilize NorVLP;
   3.   Polycondensation of organosilanes to generate the recognition layer;
Figure 4.36: Schematic illustration of virus-imprinting on biocatalytic SNPs including Step 1: 
Modification with TEOS; Step 2: NorVLP immobilization; Step 3: Recognition layer growth.
For a successful imprinting, it was crucial that the biocatalytic particles did not aggregate during 
the imprinting process to have the surface of all particles exposed to the reacting organosilanes. 
However, the surface of SNPcat presented a mixture of silanol and amino groups, which origina-
ted from integrated TEOS and APTES, respectively, and which reduced the colloidal stability of 
SNPcat significantly. 
After the formation of the biocatalytic layer, all proteins, including the BSA that improved the 
colloidal stability, were covered with silica, which caused the SNPcat to clump in clusters after 
pelleting. Since pelleting also occurred during storage due to gravitation, the storage media had 
a significant effect on the formation of aggregates during the imprinting process. For instance, a 
high polydispersity could be observed after imprinting when the SNPcat were stored in nanopure 
water. The polydispersity was significantly reduced when SNPcat were stored instead in a citrate 
solution (50mM at pH 6). 
Considering the findings from section 4.2.1 that showed the improvement in colloidal stability 
by citrate, all modification steps were performed in 10mM citrate at pH 6 to avoid aggregation 
during the imprinting process.
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Ad step 1: Modification with TEOS
At this stage of the work, a deeper study was carried out to clarify the effect of the treatment 
of biocatalytic particles with TEOS before the imprinting process. Therefore, the imprinting on 
biocatalytic particles was performed with and without the treatment with TEOS to reproduce the 
previously observed improvement by TEOS in the connection between the biocatalytic layer and 
the imprinted layer.
The so-prepared imprinted SNPcat were treated with ultrasonication to test the stability of the 
formed imprinted silica layer. The FESEM analysis showed no significant differences between 
the imprinting with and without the prior treatment with TEOS. The imprinted layer was in both 
cases stably connected and, therefore, not affected by the treatment with ultrasonication. This 
observation contradicts the one made during the feasibility test, where the imprinted layer see-
med to be removed by ultrasonication. At the time, it was assumed that the modification with 
TEOS is required to achieve covalent attachment between the enzyme-protecting silica layer and 
the imprinted layer. 
This assumption could not be confirmed with the phosphatase-containing particles, providing 
another reason for the previously observed loss of the imprinted silica layer. 
The presence of biocatalytic particles without imprinted layer after ultrasonication might be exp-
lained with the occurrence of particle aggregation during the silica formation as follows:
   1.   Particles formed aggregates as a result of the washing process. 
   2.   During imprinting, particles in the core of an aggregate remained unmodified because 
         the organosilanes did not react with their surfaces. 
   3.   The treatment with ultra-sonication separated the aggregated particles from each other, 
         releasing the unmodified particles from the core of the aggregate. 
Therefore, it appeared from the FESEM analysis that the ultra-sonication induced the removal 
of the imprinted layer, but actually there was no imprinted layer at all at the beginning of the tre-
atment. The observation in the preliminary tests needs to be interpreted rather as the result of 
aggregation because the particles were incubated in nanopure water before the imprinting. 
The fact that a stable recognition layer was also formed on SNPcat without the treatment with 
TEOS disconfirms the previous assumption that TEOS is required to connect the recognition and 
the biocatalytic layers. 
Nonetheless, the treatment of βgal-SNPs with TEOS reduced the number of non-imprinted par-
ticles, which might be explained by an increase in the colloidal stability. The TEOS formed sila-
nol-enriched silica layer on the surface of SNPcat, which was negatively charged, thus enhan-
cing the repulsive electrostatic forces among the particles. Indeed, the ζ-potential of SNPcat 
increased slightly from -3.76 ± 0.12mV to -6.83 ± 0.23mV through the modification with TEOS. 
As a result of the modification with TEOS, the degree of aggregation was reduced as well as the 
number of particles without layer growth at the end of the imprinting. 
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In combination with the incubation in citrate solution, the degree of aggregation was sufficiently 
low to obtain a homogenous recognition layer growth. 
Ad step 2: Modification with APTES and glutaraldehyde
To covalently immobilize NorVLP for the imprinting, particles were modified with APTES and then 
with glutaraldehyde, as described in the previous sections – 4.1.1 and 4.2.1.
Ad step 3: Formation of recognition layer
After the modification steps, the immobilization of NorVLP and the imprinting were performed 
subsequently. It was crucial to choose an adequate pH value for the imprinting to prevent the in-
activation of AP by the basic conditions during silica formation. The effect of different pH values 
on the functionality of AP was determined by stirring SNPcat overnight (17h) in citrate solutions 
with different pH values at 10°C, simulating the conditions of imprinting. The enzymatic activity 
was determined after this incubation and is shown in relation to the starting activity in Fig. 4.37. 
It can be seen that the SNPcat lost their activity partially only after the incubation at pH 8. 
Figure 4.37: Effect of pH value on the activity of SNPcat imprinting conditions
Considering the pH increase induced by the addition of APTES, it was assumed that a starting 
pH value of 6 preserves the activity of the entrapped AP during the silica formation. Therefore 
the immobilization and the silica formation were carried out in 25mM citrate at pH 6. The surface 
and size of the VIPcat were characterized by means of FESEM: the thicker the layer, the more 
visible the virus imprints (Fig. 4.38).
Figure 4.38: NorVLP imprinting on biocatalytic particles observed via FESEM image after 
0h (A), 24h (B), 48h (C) and 72h (D) organosilane polycondensation; Scale bar: 100nm. 
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The thickness of the silica layers increased linearly at a rate of 0.25nm/h to a maximum thickness 
of 16 ± 0.8nm after 72h (Fig.4.39a). The AP activity during the silica formation was monitored 
via phosphatase activity assay; the activity dropped from 32.4 ± 0.4U/g to 4.5 ± 0.1U/g conco-
mitantly with the silica formation (Fig.4.39b). This decrease in activity can be attributed to the 
thickening silica layer that limited substrate diffusion from the bulk to the catalytic site of the 
entrapped AP.
Figure 4.39: NorVLP imprinting on biocatalytic particles via a) Silica formation and b) Phosphatase 
activity overtime. 
The final step to obtain biocatalyitic VIPs (VIPcat) was the removal of NorVLP from the particles 
surface to open the imprints. For this purpose, after curing the particles were treated with ult-
ra-sonication in 0.1N HCl and 0.1% Triton X-100 for 30min. 
However, these conditions inactivated the entrapped AP completely, which could be attributed 
to the very acidic pH of 1.2 induced by HCl. As an alternative for efficient removal of NorVLP, 
VIPcat were treated with ultra-sonication in 50mM acetate buffer at different pH values. 
To evaluate the removal efficiency, the treated particles were incubated at 37°C for 30min in a 
buffer solution that stabilized NorVLP in the solution. The NorVLPs that were not removed during 
the sonication were partially released from the VIPcat during the incubation. The later released 
NorVLPs were quantified via indirect ELISA (the obtained values are shown in Fig. 4.40a). It can 
be seen that only the most acidic conditions, 0.1N HCl and acetate buffer at pH 3, showed no 
release of remaining NorVLP. In contrast to HCl, the acetate buffer did not inactivate the entrap-
ped AP in VIPcat, as can be seen from the activity values of VIPcat after removal in Fig. 4.40b. 
After the removal of NorVLP in acetate buffer pH 3, the AP activity of VIPcat increased to 12.8 ± 
0.2U/g. This increase is probably a result of emptying the imprints that allowed better diffusion 
of the substrate to the entrapped AP. This observation correlates with the assumption of the 
detection system, in which the non-imprinted silica layer prevents substrate uptake, while open 
imprints give access to the biocatalytic site. Consequently, occupation of the imprints by NorVLP 
should reduce the substrate uptake and thus the conversion rate of VIPcat.     
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Figure 4.40: Removal of NorVLP at different pH values – a) Concentration of remaining NorVLP on 
VIPcat and b) AP activity of VIPcat after performing the removal in acetate buffer at different pH 
values in relation to untreated particles;
To confirm that the binding of NorVLP on the imprints was the main cause of the decrease in the 
reaction rate, non-imprinted biocatalytic particles (NIPcat) were prepared by following the same 
synthetic procedure without the addition of NorVLP. The surface and size of the NIPcat were 
characterized by means of FESEM. As the imprinting was performed without a template virus, 
imprints were not formed on the particles’ surface (Fig. 4.41a). The thickness of the silica layers 
increased linearly at a rate of 0.4nm/h to a maximum thickness of 18 ± 1nm, which was reached 
after 48h (Fig.4.41b). The AP activity during the silica formation was monitored via phosphatase 
activity assay; already in the first 20h of the reaction, the AP activity dropped from 35.1 ± 0.6U/g 
to 6.5 ± 0.1U/g and then further to 1.5 ± 0.1U/g (Fig.4.41c).
Both the silica formation on the particles and the decrease in activity occurred significantly fas-
ter in case of the NIPcat than in case of VIPcat. One explanation for these results might be the 
occurrence of particle aggregation during the organosilane polycondensation. As the organo-
silanes did not react with the particles in the aggregate core, the higher concentration of orga-
nosilanes per particle resulted in a faster reaction rate. The reason for the particle aggregation 
might be that, without the NorVLP as physical obstruction, the distance of modified SNPcat 
could get small enough to allow strong interactions between the particles via glutaraldehyde 
and APTES. Due to the aggregation, there might also be SNPcat without any second silica layer 
on their surface. The resulting NIPcat showed a non-imprinted silica layer of 17.5 ± 0.9nm and 
a phosphatase activity of 11.1 ± 0.3U/g, which is lower than the activity of VIPcat with 12.8 ± 
0.2U/g. This result confirmed, on one side, the improved substrate accessibility to the entrapped 
enzyme through the open imprints, and on the other side, it showed that the additional silica lay-
er over the biocatalytic layer did not completely hamper the substrate diffusion to the entrapped 
enzyme. However, for the interpretation of the activity values, it has to be considered that the 
determined activity is the sum of the enzymatic activities of all particles that were present in the 
reaction mixture. This mixture consisted particles with a partially broken silica layer as well as 
SNPcat without second silica layer, which increased the total phosphatase activity because they 
did not feature a complete second silica layer, inhibiting their substrate uptake. 
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Figure 4.41: Silica layer formation in case of non-imprinted particles – a) FESEM image after 
0h (A), 24h (B), 48h (C) and 72h (D) organosilane polycondensation (Scale bar: 100nm), 
b) Silica formation and c) Phosphatase activity overtime. 
4.2.5 Detection of NorVLP
VIPcat containing the two requested functionalities – acid phosphatase activity and NorVLP bin-
ding – were tested for their use in a detection system. For the proof of concept, it was important 
to demonstrate the ability of VIPcat to transduce the NorVLP binding into a spectroscopic de-
tectable signal. In this context, the effect by NorVLP on the enzymatic activity was estimated by 
performing the activity assay in the presence of NorVLP. 
Assuming that the phosphatase activity decreases when the template virus is bound on the im-
prints, the application of VIPcat as a detection system was assayed in two different modes, both 
consisting of NorVLP binding by VIPcat followed by an enzymatic activity assay:
   a)   Separate: binding and activity assay performed in respectively different conditions 
   b)   Continuous: binding and activity assay performed in the same conditions
Separate mode 
The advantage of the separate mode was that the NorVLP binding and the enzymatic reaction 
were performed in their respective optimal conditions. First, the binding assay was performed 
as described in section 4.1.3. Then VIPcat were separated from the unbound NorVLP through 
centrifugation and then re-suspended in the conditions for the activity assay that was performed 
directly afterwards. 
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The requirement for the detection of NorVLP was that the NorVLP remained bound at the im-
prints during the activity assay. In this context, the amount of unbound NorVLP was quantified 
via indirect ELISA after performing the binding assay and when performing the activity assay to 
monitor a possible release of NorVLP. It was found that VIPcat at 0.8mg/ml bound 75% of the 
added NorVLP at 3.6mg/ml; this binding efficiency correlates with the one found for VIPs in sec-
tion 4.1.2. After re-suspending the VIPcat, 50% of the previously bound NorVLP were released. 
But during the activity assay, the NorVLP remained bound on the VIPcat. The release of NorVLP 
through the re-suspending seems quite reproducible, thereby mainly affecting the sensitivity of 
the detection system. In conclusion, approximately 40% of the NorVLP that was present during 
the binding assay was bound on the VIPcat during the activity assay, blocking the substrate 
uptake. 
After performing the detection assay with the separation step, a slight decrease of 11% could 
be observed in the activity, as shown in Fig. 4.42. 
Figure 4.42: Effect of NorVLP on the phosphatase activity of VIPcat in the separate mode 
However, the determined standard errors indicate a low reproducibility of this assay. The main 
reason for the low reproducibility could be the separation step, which consists of centrifugation 
and re-suspending. Centrifugation induces the aggregation of particle, while re-suspending the 
partly released previously bound NorVLP, but might also break the recognition layer. These fac-
tors also affect the activity of the non-imprinted. 
Continuous mode 
Based on the assumption that only bound NorVLP inhibits the enzymatic reaction, a detection 
assay was tested without separating the binding process and enzymatic reaction. As illustrated 
in Figure 4.43, VIPcat were first mixed with varying concentrations of NorVLP and then aliquo-
ted in a transparent and flat microtiter plate. The AP substrate was added to the aliquots and 
was converted by the biocatalytic layer when the pNPP reached the biocatalytic site via the 
imprints. This conversion was determined by continuously measuring the absorbance of the 
formed 4-nitrophenolate at 405nm overtime. 
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Figure 4.43: Schematic illustration of the detection assay in continuous mode.
As there was no separation, the measurement of the activity differed radically from the former 
performed activity assays for the following reasons. 
   a)   The reaction was continuously observed, giving details about the reaction process;
   b)   Silica particles remained in solution during the measurement of the absorbance;
   c)   Basic pH value were not applied to maximize the light absorbance of 4-nitrophenolate;
   d)   Reaction solution was not stirred; 
One consequence was that the measured absorbance was significantly lower than in the original 
activity assay protocol, in which the particles were removed after stopping the reaction with a 
strong base. Since stirring/mixing was not possible during the continuous measurement, dif-
fusion of the substrate was reduced and, thus, its conversion. Besides this, the silica particles 
pelleted to the ground of the well. To avoid the effect of pelleting on the light transmission for the 
absorbance measurement, low concentration of particles were used. Additionally, the reaction 
was performed in MES-buffer at pH 6, instead of acetate buffer at pH 5 to allow binding of Nor-
VLP. In sum, low conversion rates were expected and, thus, long incubation times were required 
to determine a NorVLP effect on the activity. After performing the detection of NorVLP with this 
continuous assay, the collected absorbance curves showed three distinguishable phases for the 
reaction process (Fig. 4.44). 
Phase 1: Equilibration of the reaction conditions (Equilibration phase) 
In the first hour of the reaction process, strong variations in the curves were obser-
ved. In most cases, the signal decreased shortly and then increased steadily. As the sig-
nal is determined directly after mixing the substrate with the particle suspension, it was as-
sumed that the signal is affected from the movement of the particles that scatter the 
transmitted light. Since the reaction mixture was not stirred during the measurement, the 
particles would stop moving after a while, remaining either in suspension as „sol” or pel-
leted on the bottom of the well. The scattering by the particles then remained constant over 
the whole measurement and could be subtracted from the signal as background noise. 
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Phase 2: Rebinding of NorVLP and substrate diffusion (Diffusion phase)
Although the particles were incubated with NorVLP before starting the enzymatic reaction, not all 
of the present NorVLP can be bound in the imprints at this state. It is also possible that weakly 
bound NorVLP were removed from the surface of the particles through the mixing with the sub-
strate. With still unbound NorVLP in the reaction mixture, both NorVLP binding and enzymatic 
reaction might occur at the same time. Therefore, the observed signal increase seemed to be not 
affected by the presented NorVLP. At a certain point, NorVLP binding was completely bound and 
affected the enzymatic reaction significantly, indicating the start of the third phase.
Phase 3: Inhibition of substrate diffusion (Inhibition phase)
Depending on the number of occupied imprints, the reaction rate decreased because the amount 
of substrate that reached the enzyme was reduced though the occupation. At this phase, which 
started after ca. 400min, the difference in reaction rate was observed to be the highest and 
depended more significantly on the present NorVLP concentration than in the previous phases.
 
Figure 4.44: Representative production curves of VIPcat with 0 (blue), 6 (red) and 12µg/ml (cyan) 
NorVLP separated into three distinguishable phases: a) Equilibration phase, b) Diffusion phase and c) 
Inhibition phase; x-axis: Reaction time in min, y-axis: Absorbance at 406nm. 
The normalization of the production curves, so that all curves start at 400min with zero absor-
bance, allowed better visualization of the decrease in the reaction rate by the present NorVLP 
(Fig.4.45a). The phosphatase activity from the third phase of the reaction process (400 to 700min) 
plotted against the NorVLP concentration (Fig. 4.45b) showed a linear correlation (R2: 0.9934) up 
to 1nM. This observation indicates that the NorVLP occupied the imprints, reducing the subs-
trate uptake and, thus, the reaction rate. After increasing the NorVLP further up to 2.6nM, the 
activity values remained constant, indicating that all imprints were occupied with NorVLP.
These data prove that reaction rate depend on the number of open imprints that were not oc-
cupied with NorVLP, because the substrate reached the biocatalyitc site better at the open im-
prints. However, the activity of NIPcat already indicated that substrate uptake does not occur 
only via the imprints. 
a b c
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After occupying all imprints, still 88% of the total activity was found, indicating that substrate up-
take was not completely blocked by the bound NorVLP. This remaining activity can be interpre-
ted as background activity that was found to vary slightly from batch to batch. Since this activity 
was a result of the substrate diffusion through partially broken silica layer, its intensity depended 
on the degree of layer rupture that occurred during the removal of NorVLP. 
Figure 4.45: Effect of NorVLP on the phosphatase activity of VIPcat - a) Representative curves of the 
product concentration obtained at different NorVLP concentrations; b) Phosphatase activity at different 
NorVLP concentrations in relation to activity obtained without NorVLP with standard deviation from four 
measurements.  
The function of the imprinted layer as a linker between the enzymatic reaction and the binding 
process was determined by evaluation of the NorVLP effects on the activity of SNPcat and 
NIPcat. The phosphatase activities of SNPcat and NIPcat were determined under the same re-
action conditions as VIPcat and are shown in direct comparison in Fig. 4.46. In contrast to the 
VIPcat, the presence of NorVLP did not affect the activities of both SNPcat and NIPcat. These 
results indicate that the correlation between reaction rate and NorVLP concentration was achie-
ved through the presence of the imprinted layer. 
Figure 4.46: Effect of NorVLP on the activity of NIPcat (blue) and SNPcat (red) - Phosphatase activities 
at different NorVLP concentrations in relation to activity obtained without NorVLP with standard devia-
tion from four measurements in comparison with the data obtained from VIPcat (grey).
a b
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The specificity of the developed detection system was tested by applying a non-template virus 
that is similar to NorVLP in shape (icosahedral) and size (30 to 40nm). In this context, the effect 
of the plant virus, turnip yellow mosaic virus (TYMV), on the phosphatase activity of VIPcat was 
assayed. The activity values in the presence of increasing concentration of TYMV and NorVLP, 
respectively, are shown in Fig. 4.47. In comparison with the template virus NorVLP, the same 
concentrations of TYMV did not affect the activity of the VIPcat at all. This result indicates the 
specific binding of the template virus through the imprints, allowing the detection assay to res-
pond specifically to the template virus. 
Figure 4.47: Effect of plant virus on the activity of VIPcat - Phosphatase activity of VIPcat at different 
concentration of TYMV (black) and NorVLP (grey), resp. in relation to activity obtained without virus with 
standard deviation from four measurements.  
4.2.6  Proof of concept for colorimetric transduction system 
Two different methods to functionalize silica – entrapment and imprinting – were combined to 
form a novel transduction system for detection. In this transduction system, the presence of a 
target molecule was visualized with a colorimetric enzymatic reaction, which is commonly also 
used in other detection systems such as ELISA. What is innovative in the presented transduction 
system is how the correlation between enzymatic activity and target molecule was generated. 
The key word to describe the principle of transduction is „steric inhibition”: the target molecule 
sterically inhibits the enzymatic reaction. Steric inhibition by the binding of an icosahedral virus 
is possible through the size of the virus molecule as this is sufficiently high to induce a significant 
reduction in the substrate uptake by the enzyme, which can be detected.
This silica-based transduction system for detection was based on the following assumptions, 
which were all confirmed in the frame of this work:
   1.   The selected enzyme preserves its biocatalytic function when entrapped in the silica layer. 
   2.   The recognition layer hampers substrate uptake by the enzyme, except at the open imprints. 
   3.   Blocking the imprints by the binding of the target virus decreases the enzymatic activity. 
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First of all, the silica, which was generated by the condensation of TEOS and APTES, allows 
the enzyme to preserve its activity. The hydrophilic and „soft” surrounding provided by the silica 
enables sufficient enzyme flexibility for the catalytic reaction or the regeneration of the catalytic 
site. In case of acid phosphatase (AP), 36% of the original activity remained active in a silica 
layer of 12nm thickness. The full activity could not be preserved because the catalytic site of 
the enzyme might be partly blocked in a non-active state or be covered with excessive silica, 
reducing the substrate diffusion; the latter condition seems logical, considering the dimensions 
of 4 x 6 x 7.5nm for an AP dimer. 
With the increase in the silica layer above the enzyme with the formation of the recognition lay-
er, the substrate needed to pass through the silica layer for a longer distance. As a result of the 
reduced substrate diffusion, the reaction rate of the AP was reduced. This effect of the growing 
silica layer was observed during the imprinting; the activity decreased to 5% of the original acti-
vity. Opening the imprints through the removal of the template virus increased the accessibility of 
the substrate to the enzyme: the activity increased to 14% of the original activity. These obser-
vations confirmed the second assumption because the recognition layer hampered the substrate 
uptake by the enzyme, except at the open imprints. 
At last, conditions were found that allow observing the decrease of the enzymatic activity in 
linear correlation to the added NorVLP. As this effect by NorVLP was only observed in case of 
imprinted particles, it was demonstrate that the imprints were the linker between the NorVLP 
concentration and enzymatic activity. Blocking the imprints by NorVLP reduced the substrate 
uptake by the enzyme, confirming steric inhibition of the enzymatic reaction. A non-template 
virus, such as TYMV, did not cause a decrease in the activity of VIPcat, indicating that only spe-
cific binding on the imprints induced steric inhibition of the enzymatic reaction. These results 
demonstrated that the developed VIPcat worked properly as transduction system for the specific 
quantification of viruses. 
An outstanding feature of the detection system using VIPcat is that the quantification can be 
performed without preliminary separation of the bound and unbound virus. As the detection as-
say consists simply of mixing VIPcat firstly with the sample and then with the substrate, the time 
required for detection depends mainly on the enzymatic reaction. In the actual state of the assay, 
the enzymatic reaction with 12h of incubation for a sufficiently high signal gives room for impro-
vement. Nevertheless, the possibility to perform the detection without any laborious washing or 
separation steps presents the tremendous advantage of the usage of VIPcat compared to esta-
blished binding-based methods such as ELISA. By reducing the number of steps, the number of 
required devices decreases, resulting in an easily usable detection device that is highly relevant 
for point-of-care diagnostics. 
In conclusion, the combination of two functionally different silica layers provides a new type of 
transduction system for the detection of viruses in form of a colorimetric one-step assay. 
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4.3    Fluorescent imprinted particles
In this section, the second transduction system that applies fluorescence to visualize the binding 
of NorVLP is presented: it is based on quenching that is induced by the NorVLP when it is bound 
by the imprints and thus gets close to a fluorescence dye. The degree of quenching correlates 
with the amount of bound NorVLP, thus allowing the quantification of NorVLP.
 
4.3.1 Synthesis concept for fluorescent VIPs
To locate fluorescence dyes on the imprints for quenching, a new synthesis protocol was de-
veloped. As illustrated in Fig. 4.48, the protocol consists of the following steps: 
   1.   Immobilization of NorVLP on silica nanoparticles (SNP);
   2.   Integration of a fluorescence dye in an inactive state into the recognition layer;
   3.   Covering the fluorescent recognition layer with another silica layer;
   4.   Removal of template virus;
   5.   Activation of the surface exposed fluorescence dye at the imprints. 
The detailed procedure, spanning from the integration of the fluorescence dye to the locally ac-
tivation, has been described in the following sections. 
 
 Figure 4.48: Schematic illustration of synthesis concept.
4.3.2 Integration of fluorescence dye into recognition layer
For the synthesis of fluorescent VIP, the green fluorescence dye, fluorescein, was used because 
it can be reversibly „inactivated”. For instance, conjugation of acetyl groups as esters on the 
xanthene group renders the dye non-fluorescent.19 Removing these esters through hydrolysis 
results in the recovery of the fluorescence properties of fluorescein.20 
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4.3.2.1 Preparation of fluorescence dyes for integration
Fluorescence dye can be integrated into silica by conjugation with APTES at its amino-functio-
nalized site, while its silane-functionalized site remains unchanged for later crosslinking.21-24 To 
yield active and inactive fluorescein, respectively, fluorescein was first conjugated with APTES 
and then acetylated, as illustrated in Fig. 4.49.
As described by Feng et al.21, fluorescein isothiocyanate (FITC) was conjugated with APTES by 
an addition reaction of the amine group of APTES with isothiocyanate of FITC. For this work, 
600mg of FITC dye was reacted in anhydrous ethanol with an excess of APTES for 6h under a 
dry nitrogen atmosphere and protected from light. From the reaction mixture, FITC-APTES con-
jugate was purified with a yield of 26%.
The synthesis of the APTES-conjugated fluorescein diacetate (FDA-APTES) was carried out 
through adjusting common protocols for esterification on the properties of the silane-functionali-
zed fluorescein. For this work, 120mg of FITC-APTES dye was reacted with 56µl acetyl chloride 
in DMF overnight at room temperature using 4-Dimethylaminopyridine (DMAP) as nucleophilic 
catalyst for the esterification. During the reaction, the fluorescence and colour decreased signi-
ficantly, indicating quenching by the acetylation. From the reaction mixture, FDA-APTES conju-
gate was purified with a yield of 3%.
   Figure 4.49: Schema for synthesis of the conjugates: FITC-APTES (a) and FDA-ITC-APTES (b).
The yielded fluorescein-conjugates - fluorescein-APTES and FDA-APTES - were characterized 
via their fluorescence properties in water. Thereby, absorbance spectra, emission spectra and 
excitation spectra were collected (Fig. 4.50). As shown in absorbance spectrum (Fig. 4.50a), both 
fluorescein-conjugates feature an absorbance at 490nm. Measuring the emission spectra with 
the excitation wavelength (λEX) at 485nm demonstrates the fluorescence signal with maximal 
intensity at the emission wavelength (λEM) at 520nm (Fig. 4.50b). Measuring the excitation spec-
trum with the λEM at 515nm confirms the absorption/excitation maximum at 490nm (Fig. 4.50c). 
a
b
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The absorption maximum at 490nm and emission maximum at 520nm fits with the values found 
in literature - 494nm and 512nm, respectively. In case of fluorescein-APTES, the intensities of 
both absorbed and emitted light was significantly high, while in case of FDA-APTES, very small 
peaks were observed, indicating the quenching by the ester groups. The direct comparison of 
the fluorescein-conjugates at the same molar concentration shows that the fluorescence signal 
by fluorescein-APTES was 10-fold higher than the signal by FDA-APTES (Fig. 4.50d). 
In the following experiments, fluorescence measurement were carried out with the excitation 
wavelength (λEX) at 490nm and the emission wavelength (λEM) at 520nm. 
Figure 4.50: Fluorescence properties of fluorescein-conjugates – a) Absorbance spectra b) Emission 
spectra and c) Excitation spectra of fluorescein-conjugates showing maximal absorbance/excitation at 
490nm and emission at 520nm; d) Fluorescence intensity per µM of fluorescein-conjugate (blue) and 
FDA-conjugate (red).
4.3.2.2 Preparation of recognition layer with fluorescent dyes
Fluorescent VIPs were prepared by performing the NorVLP-imprinting, as described in sec-
tion 4.1, with the addition of the respective fluorescein-conjugates – fluorescein-APTES and 
a
c
b
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FDA-APTES. After immobilization of NorVLP, particles were subsequently reacted with TEOS, 
fluorescein-conjugate and then with APTES to form the recognition layer. 
The surface and size of the imprinted particles were characterized by means of FESEM: the 
thickness of the silica layers increased linearly at a rate of 2.3nm/h to a maximum thickness of 
14±0.9nm after 6h in case of both fluorescein-conjugate (Fig 4.51a). When the active fluore-
scein-APTES was applied, the integration of fluorescein was observed by fluorescence mea-
surements of the particle suspension; the fluorescence signal of the particles increased during 
the recognition layer growth as fluorescein-APTES was incorporated into the silica layer by the 
organosilane polycondensation (Fig. 4.51b).       
Figure 4.51: Integration of fluorescein-conjugate into the growing silica layer– a) Formation of silica 
layer overtime; b) Fluorescence of particles by the integrated FITC-conjugate. 
Performing the VIP synthesis with FDA-APTES, the organosilane polycondensation was perfor-
med for 8h to obtain a slightly higher layer with fluorescein-containing imprints before building 
up the second silica layer on it.
After formation of the fluorescent recognition layer, the remaining not integrated fluorescein-con-
jugates were removed from the reaction mixture through washing the particles carefully to avoid 
the removal of NorVLP. The second layer was formed with the same concentration of TEOS and 
APTES at the same conditions as before, but without the fluorescein-conjugate. The organosila-
ne condensation continued on the particles with a velocity of 2nm/h to a thickness of 25±1nm 
after 4h (Fig. 4.52). Since there was no fluorescein-conjugate added to the reaction mixture, the 
fluorescence signal did not change during the formation of the second silica layer. The so-pre-
pared VIPs owned a recognition layer that consisted of a 17nm-thick internal silica layer with 
fluorescein-conjugate and an 8nm-thick external silica layer without fluorescence dye.
After curing of the final silica layer, acidic conditions were applied to remove NorVLP through 
ultrasonication. The surface of resulting particles characterized by means of FESEM showed the 
characteristic imprints of VIPs. This result proves that NorVLP remained bound at the particles 
surface during both separately performed silica layer formations. 
a b
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Figure 4.52: Silica layer growth on VIP with two separately performed silica formation – 1. silica layer 
with FDA integration (0-8h) and 2. layer with only organosilanes (8-12h); 
The fluorescence intensity of particles was determined by measuring the signal at different par-
ticles concentration as a dilution series. The fluorescence intensities (in relative fluorescence 
units, RFU) were plotted against the particle concentrations to determine the intensity per mg/ml 
particles as shown in Figure 4.53 and it can be seen that:
   a)   The linear increase in the fluorescence intensity with the particles concentration confirms 
         that the signal arrives from the particles. 
   b)   Imprinted fluorescein-containing particles (VIP_F*) showed a strong fluorescence signal 
         of 44611RFU per mg/ml particles (corresponding to 297RFU/µg particles)
   c)   Imprinted FDA-containing particles (VIP_FDA) had a signal of 1912RFU per mg/ml  
         particles (corresponding to 12.7RFU/µg), which is more than 20 times lower than the 
         fluorescence intensity of VIP_F*. 
Figure 4.53: Fluorescence intensity of imprinted particles containing fluorescein (blue) or FDA (red) in 
the silica layer.
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Beside fluorescent VIPs, non-imprinted fluorescent particles (NIPs) were also prepared with simi-
lar silica compositions as their imprinted versions. All prepared particles and their fluorescence 
intensities are summarized in Table 4.1.
Table 4.1: Prepared and tested fluorescent particles
 
4.3.3 Activation of fluorescence dye
The integrated fluorescein diacetate (FDA) was „activated” by basic hydrolysis of the acetate 
groups, which render the fluorescence signal. The hydrolysis was performed by:
   a)   Hydroxide ions ([OH]-) 
   b)   Potassium tert-butoxide (t-butoxid) 
   c)   Esterase 
The mechanism by which esters are cleaved involves:
   1.   Attack of the carbonyl group of the ester by a nucleophile; 
   2.   Formation of tetrahedral immediate;
   3.   Release of the alkoxid group that takes the proton of carboxylic acid forming alcohol;
Name Imprints Flourescencedye
Second 
layer
Flourescence
intensities Illustration
VIP_F* yes Flourescein- APTES yes
44611 RFU/
mg/ml 
297 RFU/µg
VIP_FDA yes FDA-APTES yes
1912 RFU/mg/
ml 
12.7 RFU/µg
NIP_F* no Flourescein- APTES no
35774 RFU/
mg/ml 
209 RFU/µg
NIPEX no FDA-APTES no
1554 RFU/mg/
ml 
10.4 RFU/µg
NIPIN no FDA-APTES no
1658 RFU/mg/
ml 
10.5 RFU/µg
PhD Thesis by Sabine Sykora
- 84 -
4.3.3.1 Hydrolysis by basic conditions
Fluorescein diacetate is known to be sensitive to high basic pH values that induce auto-hydroly-
sis.24 In case of FDA-containing silica particles, exposing these particles to basic conditions 
might particularly affect the FDA at the surface, while the internal FDA might be less affected due 
to the coverage with silica, providing an own buffered microenvironment. 
To verify that hydrolysis occurred preferentially at the exposed FDA, two kinds of fluorescent 
NIPs were prepared: 
   1)   NIP with only the FDA-containing silica layer and, thus, with partly exposed FDA (NIPEX);
   2)   NIP with a silica layer on top of the FDA-containing silica layer covering all FDA 
         molecules, which were thus completely integrated in silica (NIPIN);
A fluorescence dye that is completely surrounded by silica is isolated from the environment and 
is thus stabilized against external factors such as the pH value. Any factor that affects prefe-
rentially the surface-exposed FDA should only induce an increase in the fluorescence intensity 
in case of NIPEX. Therefore, using these two NIPs - NIPEX and NIPIN – it can be concluded which 
FDA molecules were hydrolysed.
At first, the effect of the applied pH value on the fluorescence intensity of FDA-containing par-
ticles was intensively studied on the two NIPs - NIPEX and NIPIN. Both particles at 0.4mg/ml were 
put in a Trizma buffer solutions at pH 7, 8 and 9, respectively. The fluorescence intensity was 
determined after 2min and after 14h incubation (Fig. 4.54). 
Figure 4.54: Effect of environmental pH on non-imprinted particles with partially exposed FDA (NIPEX, 
blue) or completely integrated FDA (NIPIN, red) in the silica layer – Fluorescence intensities after incuba-
tion in Trizma solutions at different pH values for a) 2min and b) 14h.
A feature of fluorescein is that its fluorescence intensity in water depends on the applied pH valu-
es, making fluorescein a useful pH indicator. This feature was also observed in case of NIPEX and 
NIPIN, but with different sensitivity against the applied pH values. As it can be seen in Fig.4.54a, 
the fluorescence signal of NIPEX rose with increasing pH values, while the signal of NIPIN did not 
change. 
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NIPEX were thus strongly affected by the applied pH values than NIPIN, indicating the isolating 
effect by silica that covered the fluorescein. 
As can be seen from Fig.4.54b, longer incubation in these buffer solutions increased the fluore-
scence intensity, indicating the occurrence of the ester hydrolysis. The increase occurred in both 
NIPEX and NIPIN with similar high intensities; integrated FDA was thus also hydrolysed. In relation 
to the starting fluorescence intensity, the highest increases (295% for NIPEX and 289% for NIPIN) 
were observed in Trizma buffer solutions at pH 9. 
It was assumed that there is a different kinetic for the hydrolysis depending on whether the FDA 
is exposed or inside the silica. Therefore, the previous experiment was repeated by incubating 
the particles in Trizma buffer at pH 9 with repeated fluorescence measurements during 4h of 
incubation. 
As can be seen from Figure 4.55, during the 4h of incubation, both types of NIPs showed an 
increase in the fluorescence intensity in relation to the starting fluorescence. In case of NIPEX, the 
fluorescence signal increased in 1h from 1874 to 3294RFU, corresponding to a rise of 1420RFU. 
Afterwards, the signal increase slowed down, resulting in a total rise of 2013RFU after 4h. At the 
same time, NIPIN showed a steady signal increase, reaching a total rise of 1801RFU.
The results of the last experiments indicate that ester hydrolysis also occurred inside the silica 
immediately after exposing the particles to basic conditions. Therefore, the activation of FDA 
cannot be achieved without partly activating the integrated FDA. The hydrolysis of internal FDA 
was caused either by the diffusion of [OH]- present in the water to the FDA in the silica or by the 
high environmental pH value changing the pH in the silica, inducing the deprotonation of water 
molecules in between the silica network.
Figure 4.55: Effect of Trizma buffer at pH9 on non-imprinted particles with partially exposed 
FDA (NIPEX, blue) or completely integrated FDA (NIPIN, red) in the silica layer.
In conclusion, when FDA-containing NIPs were exposed to basic conditions, NIPs with partially 
exposed FDA reacted faster to the environmental pH than NIPs with completely integrated FDA. 
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Under basic conditions, hydroxide ions induced ester hydrolysis independently from the position 
of the FDA in the silica layer. To specifically hydrolyse the exposed FDA, the nucleophile requires 
a certain size to limit the diffusion through the silica. At the same time the pH value should be set 
below pH 7 because the internal FDA might be hydrolysed by the present hydroxide ions.
4.3.3.2  Hydrolysis by t-butoxid
Potassium tert-butoxide (t-butoxid) is the chemical compound with the formula K+[(CH3)3CO]−. It 
is a strong base depending on the solvent, which is useful in organic synthesis.25 The hydrolysis 
by t-butoxid as base occurs via a similar mechanism as before via [OH]- - the nucleophile inter-
acts with the carboxyl group of the ester, inducing hydrolysis. However, the outstanding property 
of t-butoxid is that it forms a tetrameric cubic-type cluster, making it a steric base. As result of 
the cluster formation, t-butoxid diffusion through the silica layer should be significantly reduced; 
therefore hydrolysis by t-butoxid is limited to FDA exposed on the surface.
Furthermore, the reaction of t-butoxid can take place in solvent without water. Therefore, the risk 
for the hydrolysis of internal FDA by hydroxide ions can be reduced. However, the choice of the 
solvent was limited due the solubility of the silica particles. The balance between the solubility of 
particles and t-butoxid was found with 1-butanol.  
Free FDA and Butoxid
The effect of t-butoxid on the FDA was first studied on the free FDA-conjugate through incuba-
ting FDA at 3µM with different concentrated t-butoxid in 1-butanol. The t-butoxid concentrati-
on in use were: 0 (control), 3µM (equimolar to FDA), 6µM (twofold more than FDA) and 30µM 
(tenfold more than FDA). The fluorescence signal was measured after 20min incubation and is 
shown in Fig 4.56; the more t-butoxid was added, the more the fluorescence signal increased, 
indicating the ester hydrolysis by t-butoxid.
Figure 4.56: Effect of t-butoxid on free FDA-conjugate – measured fluorescence signal after 20min of 
incubation in 1-butanol; t-butoxid concentration in use: 0 (=control), 3µM (equimolar to FDA), 6µM (two 
times more than FDA) and 30µM (ten times more than FDA).
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Fluorescence particles and t-butoxid
For the hydrolysis by t-butoxid, particles were suspended in solvent for the reaction and then 
washed with alcohol and water subsequently for the fluorescence measurement. This solvent 
exchange induced particle aggregation that was sufficient to reduce the fluorescence intensity, 
covering the intensity increase by hydrolysis. For instance, fluorescein-containing NIPs (NIP_F*) 
lost 77% of their original fluorescence signal by performing the solvent exchange.
To reduce the degree of aggregation after solvent exchange, particles were treated to an intensi-
ve re-suspending process involving sonication and stirring in high concentrated citrate solutions; 
the fluorescence intensity could be recovered up to 90%. The hydrolysis of FDA on particles was 
performed using this re-suspending protocol. 
FDA-particles and t-butoxid
The different FDA-containing particles (NIPEX and NIPIN and VIP, at 1mg/ml) were incubated with 
t-butoxid (at 50mM) in the same conditions (1-butanol, room temperature, stirring at 400rpm) to 
observe the effect on the fluorescence intensity by it. Aliquots were taken after 0 and 24h and 
tested for fluorescence after washing and re-suspending. Afterwards, the final particle concent-
ration of each sample was determined as further control.
In case of the two NIPs, the measured fluorescence intensities at 0 and 24h were as follows: for 
NIPEX, the respective intensities were 1500RFU per mg/ml and 2150RFU per mg/ml, while for 
NIPIN, they were 1585RFU per mg/ml and 1570RFU per mg/ml. These values confirm cleavage 
of mainly surface-exposed FDA because only the NIPEX with partially-exposed FDA showed an 
increase in the fluorescence intensity by a factor of 1.4, while NIPIN remained unchanged. 
In case of VIPs incubated with t-butoxid, the measured fluorescence intensities were 1900RFU 
per mg/ml at 0h and 3700RFU per mg/ml at 24h. With that the fluorescence intensity of VIPs 
increased by a factor of 2 by the incubation with t-butoxid. 
To control whether the increase of the fluorescence intensity was caused through the ester cle-
avage by t-butoxid, the NIPEX were also incubated without t-butoxid in the same conditions. Wi-
thout the presence of t-butoxid, the measured fluorescence intensities were 1520RFU per mg/
ml at 0h and 1435RFU per mg/ml at 24h. The fact that there is no fluorescence increase without 
t-butoxid confirms the function of t-butoxid. 
These results indicate the partial cleavage of the quenching acetyl-groups from surface-expo-
sed FDA by t-butoxid during the incubation for 24h. Longer incubations of 48h were also tested 
for their effect on the fluorescence intensity. However, the long exposure time in solvent led to 
loss of particles because they adhered to the reaction vial. The reduced particle concentration 
affected the fluorescence measurement and, in addition, made the process unattractive to yield 
particles for the NoVLP detection.
In conclusion, exposing FDA-containing particles to t-butoxid in 1-butanol, only VIPs and NIPs 
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with partially-exposed showed any fluorescence increase because the steric base could not 
reach the silica-integrated FDA. However, the intensive re-suspending process and the loss of 
particles during the reaction and re-suspending process represent drawbacks for this method for 
yielding high quantities of fluorescent particles. 
4.3.3.3 Hydrolysis by esterase
Esterase (Carboxylester hydrolases, EC 3.1.1.1) catalyses the hydrolysis of carboxylic acid es-
ters. In contrast to the previously described basic hydrolyses in buffer or solvent, the enzymatic 
hydrolysis of esters occurs in an internal part of the enzyme, the active site. The active site 
consists of a catalytic triad, namely serine, histidine, aspartate, that generates a charge-relay 
network to polarise and activate the nucleophile; the latter attacks the carbonyl on the ester, for-
ming a tetrahedral intermediate. The subsequent rearrangement and collapse of this intermedia-
te releases the substrate without acyl moiety, while an acyl-enzyme intermediate remains. In an 
additional hydrolysis reaction, water attacks this acyl-enzyme to release the acid.26 The chemical 
reaction mechanism is the same as before, but the reaction takes plays in its own microenviron-
ment, independently from the external pH and there is an additional step, the regeneration of the 
active side, to consider.
An interesting point of esterase is that most of them show broad substrate recognition, allowing 
ester hydrolysation on very different substrate, including the fluorescein diacetate. The hydroly-
sis of fluorescein diacetate has already been used, for instance, to determine activity of microor-
ganism or cells because they own, among others, active esterase, cleaving the quenching ace-
tates.19,26-29 In case of the FDA-containing VIPs, esterase should activate only the exposed FDA, 
because it cannot diffuse through silica matrix due to its size.
Esterase assay
In this work, esterase from porcine liver (PLE) was applied to activate exposed FDA. The activity 
of PLE was confirmed through a colorimetric activity assay based on the conversion of the artifi-
cial substrate p-nitrophenyl acetate (pNPA, at 0.2mM) to acetate and 4-nitrophenol that absorb 
light at 405nm in basic conditions. For optimal activity, the conversion was carried out at 37°C 
in a phosphate buffer solution at 50mM and pH 7.5, which was sufficient basic for measuring the 
product concentration continuously. The absorbance was converted to concentration values th-
rough a calibration curve of 4-nitrophenolate (ε: 14.3mM-1cm-1, d: 0.45cm, R2: 0.999). The unit of 
the enzymatic activity (U) is defined as the amount of enzyme that hydrolyses 1µmol of pNPA per 
minute at standard conditions. Activity assays were performed with different amounts of enzyme 
and stopped after different time intervals. The measurement results are shown in Fig. 4.57a:
   a)   The higher the enzyme concentration, the faster is the increase in the product 
         concentration, i.e. the higher the production rate.
   b)   The production rate is constant up to 5 minutes for all enzyme concentrations.
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Figure 4.57: Esterase assay with varying enzyme concentrations - a) Increase of product concentration 
over time; b) Production concentration at 5min plotted against the enzyme concentration; Enzyme con-
centration in use: 0, 0.3, 0.6, 1.2, 1.7 and 2.8µg/ml.
Furthermore the production rate of the highest enzyme concentration decreased after 10 
minutes, indicating that the concentration of the substrate is too low to sustain the reaction. 
Fig. 4.57b shows that the production rate obtained from a reaction time of 5 minutes correlates 
with the enzyme concentration linearly, allowing an enzyme concentration of up to 3µg/ml to be 
quantified. 
The ideal pH value for the esterase is pH 7.5. But to avoid auto-hydrolysis of the internal FDA, 
the pH value for the reaction was reduced to pH 6. The reduced pH value affected the activity 
of PLE significantly as it can be seen in Fig. 4.58; the reaction at pH 6 was almost twice slower 
than this at pH 7.5. 
Figure 4.58: Esterase assay at pH 6 (blue) and pH 7.5 (red) - Product concentration at 5min plotted 
against the enzyme concentrations: 0, 0.3, 0.6, 1.2, 1.7 and 2.8µg/ml.
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Free FDA and esterase
At first, the hydrolysis of the FDA by PLE was tested on the free FDA. For this purpose, PLE 
(at 30µg/ml) was incubated with varying concentration of FDA directly in a microtiterplate for 
reading the fluorescence. The on-going reaction process was monitored through continuous 
measurement of the fluorescence signal emitted by fluorescein (Fig 4.59). 
Fig. 4.59a shows the measured curves of FDA at µM incubated with PLE (blue) and without PLE 
(red); these curves are representative also for the other FDA concentrations. The PLE-containing 
curve starts with a linear increase for approximately 15 minutes followed by the formation of a 
plateau. The signal increase indicates the cleavage of the quenching acetyl groups, while the 
plateau indicates the stop of ester cleavage. Since the final signal is lower than the signal by 
fluorescein at the same molar concentration, it was assumed that enzymatic reaction was blo-
cked before all ester groups were hydrolysed. The blockage of the enzyme might be caused by 
rebinding of already hydrolysed products and, thus, for enzymes common observed product 
inhibition through competition.    
Comparing the starting fluorescence signal (F0) with the signal at the plateau (FP), the degree of 
signal increase was determined for each applied FDA concentration (Fig. 4.59b). It can be seen 
that at low concentrations, the fluorescence signal increased by a factor of 5, while at higher 
concentrations, signal increased by a factor of 3. 
Figure 4.59: Effect of esterase on free FDA - a) Fluorescence signal during the incubation of FDA at 
9µM with (blue) and without PLE at 30µg/ml (red); b) Signal increase defined as division of fluorescence 
signal at plateau (FP) through signal at reaction begin (F0) for each FDA concentration.
Silica particles and esterase
In order to hydrolyse the FDA that was exposed at the surface of silica particles, the PLE needed 
to come close to the surface. This required that the enzyme was not repulsed from the surface as 
in case of immobilization. To determine conditions with low electrostatic repulsion between PLE 
and silica particles, different pH values as well as additives were tested for the immobilization 
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yield of the PLE, as described in the previous section for AP and BSA.
In the first experiment in this context, the isoelectric point (IEP) was determined because the 
lowest repulsion is found at this pH value. PLE (at 6µg/ml) was incubated with unmodified SNPs 
(at 3.2µg/ml) in the following 50mM buffer solutions: MES buffer at pH 6 and 6.5, and HEPES 
at pH 7, 7.5 and 8. After 1h incubation, the unbound PLE molecules in solution were separated 
from the particles through centrifugation and determined via activity assay. The resulting con-
centrations of PLE in solution were used to calculate the immobilization yields (Fig. 4.60). The 
highest immobilization yield for PLE at 91% was found at pH 6, which corresponds to the IEP of 
this PLE solution.
Figure 4.58: Immobilization yield of PLE on pure silica at different pH values – following buffer solutions 
(at 50mM) in use: MES buffer at pH 6 and 6.5, and HEPES at pH 7, pH 7.5 and pH 8.
FDA-particles and esterase
To observe the effect on the fluorescence intensity by PLE, VIPs (at 0.2mg/ml) were incubated 
with and without PLE (at 5U/ml) at the same conditions (10mM MES pH 6, 0.01% Triton X-100, 
7mM citrate, room temperature, stirring at 400rpm). Triton X-100 was added to stabilize PLE in 
solution without affecting the immobilization, while citrate was added to reduce particle aggre-
gation. These conditions allowed the PLE to get close to the surface of the particles to reach the 
FDA for the ester cleavage. However, these conditions also led to immobilization of PLE on the 
silica surface. Using Bradford to determine the protein concentration in the supernatant, it was 
determined that up to 80% of PLE was bound during the incubation.
After incubation for 36h at reaction conditions, VIPs were centrifuged and re-suspended in 
100mM citrate and 0.01% Triton X-100 at pH 7 and incubated at 37°C and 1000rpm to remove 
bound PLE; interestingly, VIPs incubated without PLE showed visible aggregation, while VIPs 
with PLE that improves resolvability could be re-suspended easily at this state. After the removal 
of PLE, VIPs were centrifuged and re-suspended in 50mM citrate and 0.01% Triton X-100 at pH 
6 for fluorescence measurement.; both VIPs showed visible aggregations, indicating the suc-
cessful removal of PLE. VIPs were treated with ultrasonication until no aggregates were visible 
with the naked eye before measuring the fluorescence intensity per mg particles. 
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The fluorescence intensities were as follows: 
   •   Esterase-treated VIP_FDA (VIPest): 1426RFU per mg/ml particles (or 9.5RFU/µg)
   •   Control VIP_FDA (VIPco): 1294RFU per mg/ml particles (or 8.6RFU/µg)
   •   Untreated VIP_FDA: 1931RFU per mg/ml particles (or 12.9RFU/µg)
The fluorescence intensity of VIPest was 10% higher than the intensity of the VIPco that was 
treated the same way, but without esterase. This result indicates that the esterase cleaved the 
quenching acetyl-groups, resulting in an increased fluorescence signal. However, both treated 
VIPs (VIPest and VIPco) show significantly lower fluorescence intensity as the untreated VIPs. 
The decrease in intensity might be attributed for instance to
   a)   The incubation conditions that degraded the fluorescein; 
   b)   The particle aggregation during measurement that reduces the signal through scattering. 
4.3.4. Quenching of fluorescence signal by NorVLP
The prepared fluorescent VIPs (VIP_F*, VIP_FDA and VIPest) were tested for their sensitivity to 
NorVLP. The binding of NorVLP on the imprints should result in quenching of the fluorescence 
signal emitted by fluorescein that was doped in the imprints. For this purpose, VIPs were incuba-
ted with increasing concentration of NorVLP in binding conditions, as described in the previous 
sections (see 4.1.2 and 4.2.5). 
Besides NorVLP, a constant concentration of skim milk was added to reduce unspecific adsorp-
tion of NorVLP on non-imprinted surfaces. Both proteins - NorVLP and skim milk - were tested 
for their intrinsic fluorescence before performing the quenching tests. 
An emission scan of NorVLP and skim milk, respectively, was determined with the excitation wa-
velength of 485nm and both proteins at 1mg/ml - scan of NorVLP in red and scan of skim milk in 
blue (Fig.4.61a). It can be seen that NorVLP did not show any fluorescence signal when excited 
at 485nm, while skim milk, which presents a mixture of different proteins, showed strong intrinsic 
fluorescence, especially between 515 and 550nm. Additionally, an excitation scan of skim milk 
was determined with λEM at 515nm and at varying concentrations of skim milk. 
The measured excitation spectra are shown in Fig. 4.61b:
   a)   The light absorbance correlates with the skim milk concentration, indicating the presence 
         of intrinsic fluorophores. 
   b)   At high skim milk concentration, there is a broad excitation band, ranging from 420nm to 
         480nm, overlapping with the absorbance maximum of fluorescein at 485nm.
   c)   At 0.03mg/ml skim milk, the excitation at 485nm is very low because the excitation band 
         is significantly small with maximal λEX at 440nm.
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Figure 4.61: Fluorescence properties of NorVLP and skim milk – a) Emission spectra of skim milk (blue) 
and NorVLP (red), both at 1mg/ml; b) Excitation spectra of varying skim milk concentrations: 1, 0.5, 0.25 
and 0.03mg/ml. 
At binding conditions, the skim milk concentration of 0.025mg/ml was used that does not affect 
the measurement of the fluorescence signal by fluorescein.
To determine the quenching of the fluorescein signal by NorVLP, fluorescent VIPs at 0.2mg/ml 
were first incubated with varying concentrations of NorVLP (up to 25µg/ml) for 20min and then 
aliquoted in a black and flat microtiter plate. The untreated mixture of NorVLP and particles was 
measured for the fluorescence signal continuously for the duration of 30min. The measurement 
of the emitted light overtime compensated for the light scattering by the particles, improving 
the precision of the signal. The average of the collected fluorescence intensities was then used 
to determine the quenching. The quenching was quantified in the form of the quenching quo-
tient (QQ), which is the fluorescence intensity without quencher, divided by the intensity in the 
presence of the quencher. Here, the quencher is NorVLP, and the QQ-value was determined for 
each applied NorVLP concentration; the determined QQ-values for the prepared fluorescent 
VIPs (VIP_F*, VIP_FDA and VIPest) are shown in Fig. 4.62. 
VIPs with fluorescein (VIP_F*, blue points in Fig. 4.57) showed no change in their fluorescence 
intensity by the presence of NorVLP, even the NorVLP-binding was confirmed by detecting the 
amount of unbound NorVLP via indirect ELISA, as described in previous sections. These results 
indicate that the presence of NorVLP quenched only a very low quantity of the available fluore-
scence dye. During imprinting, fluorescein-molecules were evenly integrated over the whole 
recognition layer, which is partly over 30nm thick. Therefore, it can be expected that the majority 
of fluorescein was integrated at points of the recognition layer that are not part of the imprint and, 
thus, did not get in contact with NorVLP during binding.
VIP with fluorescein diacetate (VIP_FDA, red points in Fig. 4.57) showed a slight decrease in 
fluorescence intensity at increasing concentration of NorVLP. Even FDA is the quenched version 
of fluorescein due to the two acetyl-esters; the resulting VIPs still show a bit of fluorescence that 
a b
PhD Thesis by Sabine Sykora
- 94 -
can be attributed to a few molecules of fluorescein that lost the acetyl-esters during integration 
or storage. The present NorVLP can quench some of these few fluorescein molecules that are by 
chance exposed in the imprints. However, the highest tested concentration of NorVLP quenched 
only 6% of the total fluorescence.  
Incubating VIP_FDA with esterase activated specifically the imprints-exposed FDA and, thus, 
increased the number of fluorescein in the imprints, which should thus increase the sensitivity 
to NorVLP. Indeed, VIPs with activated FD (VIPest, green points in Fig. 4.57) showed a decrease 
in fluorescence intensity at all concentrations of NorVLP. The highest quenching at 18% was 
observed at 12.5µg/ml NorVLP, while the next higher concentration did not significantly change 
the intensity, indicating saturation with NorVLP. 
Figure 4.62: Effect of NorVLP-binding on fluorescence intensity - Quenching quotient of VIPs with fluo-
rescein (blue), VIPs with FDA (red) and VIPs with esterase activated FDA (green).
It has to be mentioned that the showed data for quenching represent one measurement with the 
best outcome. Not all points could be reproduced, especially in case of the treated particles as 
aggregation affected the NorVLP-binding and the fluorescence measurement. 
Nonetheless, the latest results demonstrate that a fluorescence dye can be locally activated in 
the imprints and that this improves the quenching sensitivity to the NorVLP-binding. 
4.3.5. Suggestions for improvements
The outcome of this part of the thesis can be seen as preliminary test of a new synthesis protocol 
to provide virus recognition via fluorescence. During the development of this protocol some is-
sues aroused that could not be solved in the frame of this work and give space for improvement.
At this point some of the most crucial issues of the actual protocol as well as suggestions for 
improvement will be briefly explained here. 
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1 - Scaling up the synthesis of fluorescent dyes
One of the critical factors that affected the development of the synthesis protocol was the low 
quantity of APTES-conjugated fluorescein diacetate, limiting the numbers of synthesised par-
ticles and thus tests with the particles. That included some critical tests confirming the reaction 
such as the occurence of the deacetylation. Based on the current data it could be argued that the 
product obtained from the diacetylation might be an artifact and the remaining low fluorescen-
ce signal might come from little contamination with fluorescein. If scale and yield were higher, 
further analysis could be carried out to confirm the diacetylation. 
In a first attempt to perform the acetylation reaction at high scale, there was found such high 
quantity of secondary products that could not be separated from the primary ones anymore. This 
observation suggests that the synthesis of acetylated APTES-conjuagated fluorescein requires 
further optimization to reduce the quantity of secondary products. 
Alternatively, it could be performed the conjugation of APTES with the FDA, which is also com-
mercially available. In that case the deacetylation during the conjugation have to be considerd 
and prevented through the use of hydrophobic or acidic conditions. 
2 - Quantifying the content of fluorescence dyes in silica layer
It would be interesting to have a better understanding about the quantitiy of fluorescence dye 
inside the formed silica layer to explain a few feature of the fluorescent VIPs. For instance, the 
two APTES-conjugated fluorescence dyes – quenched and fully active – showed a relation of 1 
to 10 in signal difference, while the particles with integrated dyes showed a relation of 1 to 30. 
This difference might be explained by the fact that the silica stabilizes the quenched dye better 
than the solvent. However random errors cannot be excluded with the currently applied method. 
It was observed that two batches of the same particle (with fully acitve fluorescein) showed 
slightly different fluorescence intensities per µg of particles, indicating that a significant level of 
random errors affects the integration or the determination of the fluorescence signal. Furthmore 
the fluorscence signal depends on the degree of particle aggregation, which has to be conside-
red for each fluorescence measurement. 
The aim of future works on fluorescent particles should thus be to achieve a reliable correlation 
between dye concentration and fluorescence signal.
3 - Confirming the deacetylation reaction 
Because the fluorescence signal depends on the degree of particle aggregation, it can be argued 
that the increase by 10% after the treatment with esterase is due to the different degree of par-
ticle aggregation by remaining immobilized esterase on particle surface. 
To prove that the reaction by the esterase is responsible for the fluorescence increase, the re-
action by esterase might be followed additionally via the released acetate.
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5     Conclusion and Outlook
5.1    Conclusion
Artificial antibodies represent very promising tools to prepare specific recognition elements for 
purification and detection in a broad field of applications. Consequently, a variety of different 
strategies have been developed to prepare artificial antibodies, above all, molecular imprinting. 
In terms of virus recognition, silica-based imprinting is the best choice due to the availability of 
silica-building organosilanes that mimic amino acids, and thus come closest to antibodies and 
their specific way of interactions with other biomolecules. 
The possibility to generate specific surface recognition by collaboration of weak intermolecular 
interactions was demonstrated by Cumbo et al., whose imprinting protocol was the basis of the 
research work presented here. With the data collected in this work, the original virus-imprinting 
protocol was further extended in terms of:
   1.   Template virus;
   2.   Combination with other components, namely, enzymes and florescence dyes;
   3.   Construction of transduction systems at nanometer scale;
At the same time, further knowledge was gained, allowing better control of silica formation and 
improving the application of silica imprinting and encapsulation.
In the first part of my work, virus-like particles (VLP) were tested as safe replacement for imprin-
ting of human pathogen viruses. Using a VLP of NorV, I successfully prepared imprinted particles 
(VIPs) with specific recognition properties and found the general standards for virus-imprinting. 
Furthermore, greater insights regarding the formation of the silica layer were gained, such as:
   •   The effect of the reaction medium (ionic strength, pH) on silane polycondensation;
   •   Curing at ambient conditions as post-treatment after silica formation;
The findings about the silica formation at different tested conditions gave better understanding 
about the use of organosilanes in buffered media. 
After the preparation of the recognition site for NorVLP binding, my work focussed on its com-
bination with two different transduction systems, in which NorVLP binding modifies an optical 
signal for quantification of the virus-binding event. Both transducing systems developed here are 
based on the positioning of functionalized components (enzyme and fluorescence dye) to the 
virus inducing a signal change directly or indirectly. 
In case of enzyme-based system, two differently functional silica layers were combined to form 
a correlation between a colorimetric enzymatic reaction and the concentration of a target mole-
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cule. The signal is the absorbance by a product from an enzymatic reaction; the change is the 
production rate (or signal per time) and occurs indirectly via the substrate diffusion affected by 
the virus that is bound in the imprints. 
In case of fluorescence-based system, in silica-integrated fluorescent dye, molecules were si-
te-specifically activated. Because of this, most of the emitting dye was brought close to the 
virus for quenching. The signal was the fluorescence intensity of the in silica-integrated dye; the 
change was the quenching due to the presence of VLP that directly absorbed the emitted energy 
from the excited fluorescence dye.
Both transducing systems developed in this work represent new concepts for virus detection 
as well as imprinting. The outstanding feature of both detection systems is that recognition and 
transduction are done on the same nanoparticles. Because of this, virus detection is possible 
without preliminary separation of the bound and unbound virus or removal of reagents. As the 
detection assay consists of only one step, the time required for virus detection depends solely 
on the time required for virus binding and signal generation. 
5.2 Outlook
The multi-functionalized particles presented here offer many beneficial features for future ap-
plications. Both recognition and transduction units are prepared at nanometer scale on one 
particle, allowing one-step detections. The quantification of virus-binding events occurs with 
easy applicable spectrophotometric systems. Considering the possibility of micro-sized optical 
detection, the size of the whole detection systems might be further reduced. Since an inorganic 
matrix carries the recognition unit, a high working time and high resistance against environmen-
tal stress can be expected. These features make the detection systems interesting for a broad 
application outside a laboratory, for instance, in the form of point-of-care diagnostics and mobile 
detection. 
The problem of particle aggregation, which affects the surface modification and the virus de-
tection, represents a drawback for an efficient industrial production. However, the advantage of 
silica is that it can be built on any surface. Therefore, a solution to reduce the degree of particle 
aggregation might be to use another carrier instead of SNP.
Magnetic nanoparticles are commonly used for analytical applications because the position of 
these particles can be controlled via a magnetic field. These particles can be easily adjusted with 
a silica layer to prepare one of the detection systems developed in the frame of this work. 
Another idea of mine is to change from particles to solid-bound nanostructures with sufficient 
surface as carrier. I can imagine that these nanostructures are synthesized and functionalized 
directly on the surface of a microtiter plate. With the carrier static during the complete synthesis, 
no particle aggregation can occur, while the different functional silica layers are formed one by 
one on the carrier.  
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In conclusion, silica-based imprinting and encapsulation offers a broad range of possibilities in 
terms of functionality and applications, which can still be discovered.
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6 Experimental details
6.1 Materials
Chemicals
Ammonium hydroxide (ACS grade, 28-30%), Ethanol (ACS grade, anhydrous), Glutaraldehyde (Grade I, 
25% in water), o-nitrophenyl-β-D-galactopyranoside (ONPG, Mr: 301.25), 4-methylumbelliferone β-D-ga-
lactopyranoside (MUG, Mr: 338.31), p-nitrophenyl acetate (pNPA, Mr: 181.15), 3,3´,5,5´-tetra-methylben-
zidine (TMB), Fluorescein isothiocyanate (FITC, Mr: 389.38) and potassium tert-Butoxid (t-butoxid, Mr: 
112.21) were purchased from Sigma-Aldrich (Switzerland). 
Biotinylation kit containing EZ-LinkTM Sulfo-NHS-LC-Biotin (21327) and NeutrAvidinTM Horseradish Peroxi-
dase Conjugate (31001) were purchased from Thermo Scientific. 
Organosilanes
Tetraethyl orthosilicate (TEOS, ≥ 99%, Mr: 208.33) and (3-aminopropyl)-triethoxysilane (APTES, ≥ 98%, 
Mr: 221.37) were purchased from ABCR (Germany).
Viruses
Norovirus-like particles (NorVLP, made of 180 copies of protein subunits with a mass of 58.96kDa) and 
Turnip yellow mosaic virus (TYMV, made of 180 copies of protein subunits with a mass of 20kDa) were pro-
vided by Dr. Lorber (University of Strasbourg) and were propagated and purified as described elsewhere.1-3 
Proteins 
Acid phosphatase from potato (AP, specific activity 6.6U/mg protein), skim milk, monoclonal peroxida-
se-conjugated horse anti-mouse IgG and porcine liver esterase (PLE, specific activity 18Umg-1 protein) 
were purchased from Sigma-Aldrich (Switzerland). Bovine serum albumin (BSA) was purchased from Roth 
(Germany). Monoclonal mouse anti recombinant viral protein 1 (VP1) of Norovirus genogroup II genotype 4 
(GII.4) by Fitzgerald was purchased from LuBioScience (Switzerland). 2.8g of this antibody were modified 
with the Biotinylation Kit by Thermo Scientific yielding 0.3mg/ml biotinylated antibody. Monoclonal mouse 
anti-Norovirus genogroup II genotype 4 (anti-NoV GII.4) antibodies purified from mouse ascites were pro-
vided by Dr. Lorber (University of Strasbourg).
APTES-modified fluorescein
APTES-conjugated fluorescein isothiocyanate (fluorescein-APTES, Mr: 610.75) and APTES-conjuga-
ted fluorescein diacetate (FDA-APTES, Mr: 694.82) were provided by El Idrissi from our research group 
(FHNW). Details about the synthesis are further described in appendix, while details about the purification 
and analysis (H-NMR, C-NMR) will be published somewhere else.
All chemicals and proteins were used without further purification. Nanopure water (resistivity ≥ 18MΩ.cm) 
was freshly produced with a Millipore Synergy® water purification system. 
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6.2 Synthesis of particles
6.2.1 Synthesis of silica nanoparticles (SNPs)
Silica nanoparticles (SNPs) were prepared by adapting the procedures described elsewhere.4-6 TEOS, am-
monium hydroxide and ethanol were equilibrated at 20°C for one hour in a water bath before use. 40ml 
of ammonium hydroxide and 345ml of ethanol were mixed in a 1liter round-bottom flask under magnetic 
stirring (600rpm). 15ml of TEOS was added and the solution kept under stirring at 20°C for 24h. The resul-
ting milky suspension was centrifuged (3220xg for 10 to 20min). The resulting supernatant was removed, 
while the pelleted SNPs were re-suspended in ethanol. The particles were repeatedly washed – a washing 
step included: centrifugation at 3220xg for 10min, removal of supernatant and re-suspension of particles. 
As solvent for re-suspension, first ethanol and then nanopure water were used each twice. After the last 
centrifugation step the particles were suspended in 40ml water and stored at 4°C until use. 
6.2.2 Synthesis of virus-imprinted particles (VIPs)
The VIPs were prepared by adapting the procedure described previously by Cumbo et al.6 as follows. All 
modifications of the SNPs as well as the imprinting were performed in 20ml glass vials, in a final volume of 
6ml, under stirring conditions (400rpm), in a water bath at 20°C unless otherwise described.
Surface modification of SNPs
In a typical synthesis experiment, 6ml SNPs (3.2mg/ml) were reacted with 4µl (0.017mmol) of APTES 
for 30min in water. The so-modified particles were washed twice with nanopure water – a washing step 
included: centrifugation at 3220xg for 5min, removal of supernatant and re-suspension of the pelleted 
particles in nanopure water by ultrasonic treatment for 2min using an Elmasonic S30H ultrasonic bath. 
Afterwards, the particles were incubated for 30min in 6ml of 1% (v/v) aqueous glutaraldehyde solution. 
The so-modified particles were washed twice with nanopure water as described before.
Imprinting of NorVLP
For the imprinting, washed particles were re-suspended in a desired solution (e.g.: 25mM citrate at pH 
7 for standard conditions). Particles were then incubated with the NorVLP (at 0.03mg/ml) for 1h. Sub-
sequently, 12µl (0.054mmol) of TEOS were added to the reaction mixture and allowed to react for 2h. 
Temperature was then decreased to 10°C before 6µl (0.026mmol) of APTES were added. Samples (0.2 to 
1ml) were collected at increasing reaction times and washed twice with nanopure water - a washing step 
with ≤ 1ml included: centrifugation at 16,100xg for 1min, removal of supernatant and re-suspension of the 
pelleted particles in nanopure water. The organosilane polycondensation reaction was stopped after 18h 
by washing the particles in nanopure water. To stabilize the organosilica layer, the resulting particles were 
kept at room temperature for 24h for the curing and were then stored at 4°C until use. 
Non-imprinted reference particles were produced in a similar fashion by omitting the VLP addition step. 
The pH value of the reaction suspension was measured with an indicator paper before and after initiating 
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the organosilane polycondensation, i.e. after adding TEOS and after adding APTES. Note: The pH-meter 
was not used because the organosilanes in suspension might react with the glass electrode). 
Removal of template NorVLP
In a typical removal process (in 20ml glass vials, in a final volume of 18ml), VIPs were suspended to an end 
concentration of ca. 1mg/ml in the removal solution (0.1M HCl and 0.01% v/v Triton-X 100) and submitted 
to an initial ultrasonic treatment of 10min at 30°C. Subsequently, the VIP suspension was incubated for 
30min at 40°C under stirring conditions (600rpm). Afterwards, the so-treated VIPs were submitted to an 
additional ultrasonic treatment for 30min, washed twice in nanopure water (centrifugation at 3220xg for 
5min) and were stored at 4°C. 
6.2.3 Synthesis of biocatalytic VIPs (VIPcat)
Preparation of biocatalytic layer on SNPs
All reactions were performed in 20ml glass vials, in a final volume of 18ml, under stirring conditions 
(400rpm), in a water bath at 20°C unless otherwise described. 
In a typical synthesis experiment, 18ml SNPs (3.2mg/ml) were reacted with 12µl (0.051mmol) of APTES 
for 30min in water. The so-modified particles were washed twice with nanopure water – a washing step 
included: centrifugation at 3220xg for 5min, removal of supernatant and re-suspension of the pelleted 
particles in nanopure water by ultrasonic treatment for 2min using an ultrasonic bath. Afterwards, the par-
ticles were incubated for 30min in 18ml of 0.1% (v/v) aqueous glutaraldehyde solution and washed twice 
with nanopure water as described before.
The resulting pellet was suspended in 18ml of MES buffer (10mM, pH 6) and incubated with BSA (at 
0.027mg/ml) and acid phosphatase (at 0.044mg/ml, corresponding to 290U/l) for 1h. Subsequently, a 1ml 
aliquot of reaction suspension was taken and centrifuged at 16,1000xg for 1min. The resulting superna-
tant was tested for the enzymatic activity and total protein concentration via the commercial Bio-Rad® 
Protein assay based on Bradford. The remaining suspension was incubated with 60µl (0.270mmol) of 
TEOS for 1h. Subsequently, 27µl APTES (0.115mmol) were added to the reaction suspension. Samples 
of reaction suspension were collected at increasing reaction times: aliquots of 0.05ml were tested for the 
enzymatic activity in duplicate, while aliquots of 0.2ml were washed twice and re-suspended in nanopure 
water for FESEM analysis. The organosilane polycondensation reaction was stopped after 5h by washing 
the particles in nanopure water. The biocatalytic particles (SNPcat) were then re-suspended in 50mM 
citrate buffer (pH 6), kept at room temperature for 24h and stored at 4°C until use. 
Imprinting of NorVLP on biocatalytic particles
All reactions were performed in 20ml glass vials, in a final volume of 6ml, under stirring conditions (400rpm), 
in a water bath at 20°C unless otherwise described. For imprinting, 6ml SNPcat (3.2mg/ml) were reacted 
with 12µl (0.054mmol) of TEOS for 1h re-suspended in a desired solution (e.g.: 10mM citrate at pH 6 for 
standard conditions). The so-modified particles were washed twice with nanopure water – a washing step 
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included: centrifugation at 3220xg for 5min, removal of supernatant and re-suspension of the pelleted 
particles in a desired solution (e.g.:10mM citrate at pH 6 for standard conditions) by ultrasonic treatment 
for 2min. Afterwards, the particles were reacted with 4µl (0.017mmol) of APTES for 30min. The so-modi-
fied particles were washed twice as described before. Afterwards, the particles were incubated for 30min 
in 6ml of 0.1% (v/v) aqueous glutaraldehyde solution. The so-modified particles were washed twice as 
described before. 
For the imprinting, washed particles were re-suspended in 25mM citrate at pH 7. Particles were then in-
cubated with the NorVLP (at 0.03mg/ml) for 1h. Subsequently, 20µl (0.090mmol) of TEOS were added to 
the reaction mixture and allowed to react for 1h. Temperature was then decreased to 10°C before 10µL 
(0.043mmol) of APTES were added. Samples of reaction suspension were collected at increasing reaction 
times (24, 48 and 72h after the addition of APTES): aliquots of 0.05ml were tested for the enzymatic activi-
ty in duplicate, while aliquots of 0.2ml were washed twice and re-suspended in nanopure water for FESEM 
analysis. The organosilane polycondensation reaction was stopped after 72h by washing the particles in 
nanopure water. The imprinted SNPcat (VIPcat) were then suspended in 50mM citrate buffer (pH 6), kept 
at room temperature for 24h and stored at 4°C until use. 
Non-imprinted reference particles were produced in a similar fashion by omitting the VLP addition step. 
Removal of template NorVLP
In a typical removal process (in 2ml reaction tube, in a final volume of 1.8ml), VIPcat were suspended to 
an end concentration of 1.5mg/ml in the removal solution (0.1M sodium acetate and 0.01% v/v Triton-X 
100, pH 3) and submitted to ultrasonic treatment for 30min. Subsequently, the so-treated particles was-
hed twice in nanopure water (centrifugation at 16,100xg for 1min) and were stored in 10mM citrate (at pH 
6) at 4°C or directly used in binding assays.
6.2.4 Synthesis of fluorescent VIPs 
The fluorescent VIPs were prepared by adapting the procedure described previously for VIPs as follows. 
All modifications of the SNPs as well as the imprinting were performed in 20ml glass vials, in a final volume 
of 6ml, under stirring conditions (400rpm), in a water bath at 20°C unless otherwise described.
Surface modification of SNPs
In a typical synthesis experiment, 6ml SNPs (3.2mg/ml) were reacted with 4µl (0.017mmol) of APTES 
for 30min in water. The so-modified particles were washed twice with nanopure water – a washing step 
included: centrifugation at 3220xg for 5min, removal of supernatant and re-suspension of the pelleted 
particles in nanopure water by ultrasonic treatment for 2min. Afterwards, the particles were incubated for 
30min in 6ml of 0.1% (v/v) aqueous glutaraldehyde solution. The so-modified particles were washed twice 
with nanopure water as described before.
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Imprinting of NorVLP
For the imprinting, washed particles were re-suspended in 25mM citrate at pH 7 and incubated with Nor-
VLP (at 0.03mg/ml) for 1h. Subsequently, 12µl (0.054mmol) of TEOS were added to the reaction mixture 
and allowed to react for 1h. Then 5.3µl (0.086µmol) of fluorescein-APTES and 6µl (0.086µmol) of FDA-AP-
TES respectively, were added and allowed to react for 30min. Afterwards, temperature was decreased 
to 10°C before 6µL (0.026mmol) of APTES were added. Samples of reaction suspension were collected 
at increasing reaction times: aliquots of 0.2ml were taken and centrifuged at 16,100xg for 30sec. The 
resulting supernatants were diluted 1 to 100 and tested for the fluorescence intensity with λEX at 490nm 
and λEM at 520nm using a Synergy H1 plate reader. The pellet was washed with nanopure water and then 
re-suspended in 50mM citrate solution at pH 6. The organosilane polycondensation reaction was stopped 
after 6h in case of NIPs and after 8h in case of VIPs by washing the particles in nanopure water. The re-
sulting particles were re-suspended in 5ml of 25mM citrate solution at pH 7 and kept at stirring condition 
at 10°C until the synthesis of the second silica layer was induced.
Non-imprinted reference particles were produced in a similar fashion by omitting the VLP addition step. 
Covering fluorescent silica layer
The previously synthesized fluorescent silica layer was further covered with an additional layer without 
fluorescein derivatives as follows. To the 5ml suspension of imprinted particles, 12µl (0.054mmol) of TEOS 
were added and allowed to react for 1h at 10°C. Subsequently, 5µL APTES (0.021mmol) were added to 
the reaction suspension. Samples (0.1ml) were collected at increasing reaction times and washed twice 
with nanopure water for FESEM analysis. The organosilane polycondensation reaction was stopped after 
4h by washing the particles in nanopure water. The resulting particles were re-suspended in 10mM citrate 
solution at pH 6. 
For curing, these particles were kept at room temperature for 24h and were then stored light protected at 
4°C until use.
Removal of template NorVLP
In a typical removal process (in 1.5ml reaction tube, in a final volume of 1ml), VIPs were suspended to an 
end concentration of 1mg/ml in the removal solution (0.1M HCl and 0.01% v/v Triton-X 100) and submit-
ted to ultrasonic treatment for 30min. Subsequently, the so-treated particles washed twice in nanopure 
water (centrifugation at 16,100xg for 1min) and were stored in 10mM citrate (at pH 6) at 4°C. 
6.3 Characterization of particles
6.3.1 Determination of particles concentration
A 0.5 to 1ml aliquot of particle suspension was freeze-dried and weighed in a 1.5ml tube. The weight of 
the freeze-dried particles was determined through subtraction of the weight of the empty tube from the 
total weight (= tube with dried particles).
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6.3.2 Scanning electron microscopy and Particle size measurement
Particles were imaged using a Zeiss SUPRA® 40VP scanning electron microscope. Two µl of sample were 
spread on freshly cleaved mica sheets, dried at ambient temperature and sputter-coated with a gold–plati-
num alloy for 15sec at 10mA (SC7620 Sputter coater). Micrographs were acquired using the InLens mode 
with an accelerating voltage of 20kV. 
Particle sizes were measured on micrographs acquired at a magnification of x 150,000 using the Olympus 
Analysis® software package. More than 100 measurements were performed per type of particles. 
6.3.3 Zeta (ζ)-potential measurements
Particle suspension at 1mg/ml in nanopure water were subjected to ultrasonication for 2min and then 
transferred into a clear disposable zeta cell. Then zeta-potential measurements were performed using 
Zetasizer Nano series (Malvern instruments, UK) at 25°C. In case of SNPcat and modified SNPcat, mea-
surements were also carried out in 10mM citrate buffer at pH 6 to avoid aggregation. 
6.3.4 Enzyme assays and kinetic studies
Colorimetric β-galactosidase activity assay
The β-galactosidase activity of particle suspensions (= βgal-SNPs after incubation in different buffer so-
lutions, after chemical modifications and NorVLP immobilization) was determined by measuring the hy-
drolysis of o-nitrophenyl-β-D-galactopyranoside (ONPG at 20mM) in activity buffer (100mM potassium 
phosphate, 5mM MgCl2, pH 6.5) under stirring at 650rpm at 40°C for 30min. Total volume of reaction 
was 0.2ml including the 0.05ml of particle suspension. The reaction was stopped by adding 0.2ml of 1M 
Na2CO3, and then centrifuged at 16,200xg for 1min. The concentration of produced o-nitro-phenolate 
was determined by measuring the absorbance at 420nm of 0.2ml supernatant in a 96-well plate using a 
Synergy H1 plate reader (BioTek). 
Fluorescent-based β-galactosidase activity assay
The β-galactosidase activity of particle suspensions (= βgal-SNPs after chemical modifications, Nor-
VLP immobilization and imprinting) was determined by measuring the hydrolysis of 4-methylumbellifero-
ne-β-D-galactopyranoside (MUG at 0.7mM) in activity buffer (100mM potassium phosphate, 5mM MgCl2, 
pH 6.5). The reaction suspension (0.2ml including the 0.05ml of particle suspension) maintained under 
stirring at 650rpm at 40°C for 30min and was stopped by adding 0.2ml of 1M Na2CO3 and centrifugation 
at 16,200xg for 1min. The concentration of produced fluorescent molecule 4-methylumbelliferone (MUB) 
was determined by measuring the fluorescence intensity of 0.2ml supernatant with λEX at 360nm and λEM 
at 460nm in a 96-well plate (black) using a Synergy H1 plate reader.
Phosphatase activity assay
The phosphatase activity of free enzyme and particle suspensions (= particles during enzyme encapsu-
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lation and SNPcat) was determined by measuring the hydrolysis of p-nitrophenyl phosphate (pNPP, at 
6mM) in activity buffer (sodium acetate 40mM, citrate 10mM, pH 5.2) under stirring at 650rpm at 37°C for 
10min. Total volume of reaction was 0.2ml including the 0.05ml of particle suspension. The reaction was 
stopped by adding 0.2ml of 1M NaOH, and then centrifuged at 16,200xg for 1min. The concentration of 
produced 4-nitrophenolate was determined by measuring the absorbance at 405nm of 0.2ml superna-
tant in a 96-well plate using a Synergy H1 plate reader (BioTek). The reaction rate in U/l was determined 
through a calibration curve of 4-nitrophenolate. 
For kinetic analysis, the activity assay for free enzyme was additionally performed at different reaction 
times (up to 30min), varying enzyme concentrations (up to 11µg/ml) and increasing substrate concentra-
tions (up to 8mM), respectively.
In case of VIPcat and NIPcat, the reaction time was elongated to 20min.
6.3.5 Determination of fluorescence per mg particles
Particle suspensions at 3.2mg/ml in nanopure water were subjected to ultrasonication for 2min. Then a 
serial dilution of these suspensions was carried out using phosphate buffer (at 50mM, pH 6) as diluent, a 
dilution factor of 2 and a final volume of 150µl on a microtiter plate (black). The fluorescence intensity of 
the diluted particles suspensions was measured with λEX at 490nm and λEM at 520nm using a Synergy H1 
plate reader. 
For high precision fluorescent measurements, the fluorescence intensity was measured continuously for 
10min (detecting the signal every minute) to observe signal fluctuations. Only data point with a stable flu-
orescence intensity for 5 min (standard deviation lower than 5%) were used to determine the quenching 
quotient.
6.3.6 Efficiency in binding of NorVLP
When not otherwise described, the particles (at 834μg/ml) were mixed with a solution containing 700ng/
ml of NorVLP (65pM), 10mM phosphate, 50mM NaCl and 75μg/ml of skim milk (pH adjusted to 6.2) in 
a final volume of 120μl, in 0.5ml test tube to allow the interaction. For each binding assay, a reference 
solution containing the same composition, including the NoVLP, was prepared by omitting the particle 
addition step. The binding assay and reference solutions were then incubated at 25°C under stirring at 
650rpm in a thermomixer (Eppendorf Thermomixer® Comfort). After reaching the desired contact time 
(typically 30min), the tube was centrifuged (16,200xg for 1min). The resulting supernatant containing un-
bound NorVLP were diluted (1:8) with carbonate-bicarbonate buffer (0.2M, pH 9.6) and then immediately 
coated on a 96-well microplate (Nunc Maxisorp, ThermoScientific) at 4°C overnight, in duplicate, for virus 
quantification by an indirect ELISA assay (see next section).
The measured values from the binding assay were compared with the values obtained from reference 
solutions, which were prepared and treated in the same way as the binding assay.
In case of biocatalytic particles with phosphatase active the binding buffer contained 10mM MES, 10mM 
PhD Thesis by Sabine Sykora
- 108 -
citrate, 50mM NaCl, pH 6), 25µg/ml of skim milk and determined concentration of NorVLP was mixed with 
the VIPcat at a concentration of 0.4mg/ml in a final volume of 200µl.
6.3.7 Determination of efficiency of NorVLP removal
Removal conditions were tested for their efficiency in removing remaining template NorVLP from the VIPs 
by washing the particles and subsequently determination of released NorVLP as follows. 
The 0.2ml VIPcat (at 3mg/ml) were mixed with 0.2ml of the desired removal solution in 1.5ml test tube and 
treated with sonication for 30min. Subsequently, the particle suspensions were washed (centrifugation at 
16,200xg for 30sec, removal of supernatant and re-suspension of the pelleted particles in nanopure water) 
and re-suspended in 0.1ml nanopure water. The treated particles were mixed with a solution containing 
10mM phosphate, 50mM NaCl and 75μg/ml of skim milk (pH adjusted to 6.2) in a final volume of 60μl and 
then incubated at 25°C under stirring at 650rpm in a thermomixer (Eppendorf Thermomixer® Comfort). 
After 1h, the suspensions were centrifuged (16,200xg for 1min). The resulting supernatant containing re-
leased NorVLP were diluted (1:8) with carbonate-bicarbonate buffer (0.2M, pH 9.6) and then immediately 
coated on a 96-well microplate (Nunc Maxisorp, ThermoScientific) at 4°C overnight, in duplicate, for virus 
quantification by an indirect ELISA assay (see next section). The remaining particles were re-suspended in 
120μl nanopure water for measuring the phosphatase activity.
6.4 Characterization and detection of proteins and fluorescein-derivatives
6.4.1 Determination of isoelectric point of proteins
The isoelectric point (IEP) of each protein was determined via the immobilization on silica particles at dif-
ferent pH values as the pH value with the highest immobilization yield indicates the IEP. To determine the 
yield at different pH values, protein solutions of AP, BSA or esterase, respectively, at 6µg/ml were incuba-
ted with unmodified silica particles (at 3.2mg/ml) at 650rpm for 1h at 25°C in buffer solutions with varying 
pH values. Following buffer solutions at 50mM were applied: Acetate buffer at pH 5 and 5.5, MES buffer at 
pH 6 and 6.5, and HEPES at pH 7 and pH8. The immobilization yield of AP and esterase was determined 
via the respective enzymatic assay, while the yield of BSA was determined via commercial Bio-Rad® Pro-
tein assay based on Bradford. 
6.4.2 Immunological detection of NorVLP via ELISA
Indirect ELISA
Buffered solutions containing NorVLP were diluted (1:8) with carbonate-bicarbonate buffer (0.2M, pH 9.6) 
and then immediately coated on a 96-well microplate (Nunc Maxisorp, ThermoScientific) at 4°C over-
night, in duplicate. The microplate wells were washed three times with phosphate-buffered saline (PBS) 
containing 0.05% (v/v) Tween-20 using a BioTek plate-washer ELx50 (USA). After 200µl of skim milk (4% 
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in PBS) were added to wells, the plate was incubated for 2h at 37°C and then washed as described be-
fore. Norovirus VP1 antibody was diluted 1:10,000 in PBS and added to the wells (100µl per well). After 
incubation at 37°C for 1h, wells were washed as described above. Peroxidase conjugated antibody was 
diluted 1:10,000 with skim milk (4% in PBS) and added to the wells (100µl per well). After incubation at 
37°C for 30min, wells were washed as described above. After adding 100µl TMB substrate into each well, 
the plate was incubated at room temperature and in the dark for 15min. Reaction was stopped through 
the addition of 50μl per well of stop solution (1M HCl). The optical density was measured at 450nm using 
a Synergy H1 plate reader (BioTek). Negative controls were skim-milk-blocked wells without NorVLP and 
NorVLP-coated wells without the addition of Norovirus VP1 antibody. The average optical density from all 
negative controls was subtracted from the optical density from experimental wells. 
PBS contained 0.2g/l of potassium chloride, 0.2g/l of potassium phosphate monobasic anhydrous, 8g/l 
of sodium chloride and 1.15g/l of sodium phosphate dibasic in nanopure water (final pH 7.5).
Sandwich ELISA
Norovirus GII4 antibodies were diluted 1:200 with carbonate-bicarbonate buffer (0.2M, pH 9.6) and then 
immediately coated on a 96-well microplate (Nunc Maxisorp, ThermoScientific) at 4°C overnight, in du-
plicate. The microplate wells were washed three times with phosphate-buffered saline (PBS) containing 
0.05% (v/v) Tween-20 using a BioTek plate-washer ELx50 (USA). After 200µl of skim milk (4% in PBS) 
were added to wells, the plate was incubated for 2h at 37°C and then washed as described before. So-
lutions containing increasing concentration of NorVLP in PBS were added to the microplate in duplicate 
(100µl per well). After incubation at 37°C for 1h, wells were washed as described above. Biotinylated 
Norovirus VP1 antibody was diluted 1:1,000 in PBS and added to the wells (100µl per well). After incu-
bation at 37°C for 1h, wells were washed as described above. Peroxidase conjugated avidin was diluted 
1:10,000 in PBS and added to the wells (100µl per well). After incubation at 37°C for 30min, wells were 
washed as described above. After adding 100µl TMB substrate into each well, the plate was incubated at 
room temperature and in the dark for 15min. Reaction was stopped through the addition of 50μl per well 
of stop solution (1M HCl). The optical density was measured at 450nm using a Synergy H1 plate reader. 
Negative controls were skim-milk-blocked wells without NorVLP and antibody-coated wells without the 
addition of NorVLP. The average optical density from all negative controls was subtracted from the optical 
density from experimental wells.  
PBS contained 0.2g/l of potassium chloride, 0.2g/l of potassium phosphate monobasic anhydrous, 8g/l 
of sodium chloride and 1.15g/l of sodium phosphate dibasic in nanopure water (final pH 7.5).
6.4.3 Absorbance, Emission and Excitation scan 
In case of fluorescein-derivatives (fluorescein-APTES and FDA-APTES), a stock solution at 10mg/ml was 
used to measure the absorbance, emission and excitation spectra, respectively, using a Synergy H1 plate 
reader. An absorbance scan was determined between 300nm and 700nm in a transparent 96-well plate. 
An emission scan was determined between 510nm and 700nm with the excitation wavelength at 480nm, 
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while an excitation scan was determined between 300nm and 490nm with the emission wavelength at 
520nm. Both fluorescence scans were determined in a black 96-well plate.
An emission scan of NorVLP and skim milk, respectively, was determined between 515nm and 700nm 
with the excitation wavelength at 485nm and both proteins at 1mg/ml. In case of skim milk, additionally an 
excitation scan was determined between 250nm and 485nm with the emission wavelength at 515nm and 
the protein concentration at 1mg/ml. Both fluorescence scans were determined in a black 96-well plate 
using a Synergy H1 plate reader.
6.5 Activation of fluorescein diacetate
6.5.1 Hydrolyse in buffered solutions
Experiment 1
In a total volume of 0.7ml, FDA-containing NIPs - NIPEX and NIPIN - at a concentration of 0.4mg/ml were 
incubated with 10mM citrate in a 50mM Trizma buffer solutions at pH 7, 8 and 9, respectively, at 25°C un-
der stirring at 650rpm for 14h. After 2min and 14h, the fluorescence intensity of the particles suspensions 
was measured with λEX at 490nm and λEM at 520nm using a Synergy H1 plate reader. 
Experiment 2
In a total volume of 1.8ml, FDA-containing NIPs - NIPEX and NIPIN - at a concentration of 0.2mg/ml were 
incubated in a 50mM Trizma buffer solutions at pH 9 at 37°C for 4h in a 96-well plate (black). Each hour, 
the fluorescence intensity of 150µl of the particles suspensions was measured with λEX at 490nm and λEM 
at 520nm using a Synergy H1 plate reader. 
6.5.2 Hydrolysis via butoxid
Free FDA and Butoxid
In a total volume of 150µl, FDA-APTES at a concentration of 3µM was incubated with t-butoxid at different 
concentrations (0, 3µM, 6µM and 30µM) in 1-butanol in 96-well plate (black). The fluorescence intensity 
of active fluorescein was continuously measured for 20min at 25°C with λEX at 490nm and λEM at 520nm 
using a Synergy H1 plate reader. 
Particles and Butoxid
Fluorescein and FDA-containing particles (NIP_F*, NIPEX, NIPIN and VIP_FD) at 1mg/ml were washed with 
nanopure water – the washing included: centrifugation at 16,100xg for 1min, removal of supernatant and 
re-suspension of the pelleted particles in nanopure water by ultrasonic treatment for 2min. Afterwards, 
the water of the suspension was removed through centrifugation (16,100xg for 30sec) to re-suspend the 
pelleted particles in 1-butanol by ultrasonic treatment for 2min. 
PhD Thesis by Sabine Sykora
- 111 -
In a final volume of 2.6ml, the particles at 1mg/ml were incubated with and without with 50mM t-butoxid 
in 1-butanol at room temperature under stirring at 400rpm. Aliquots of 0.8ml were taken after immediately, 
24h and 48h after mixing. The aliquots were washed first with 1-butanol and then with 100mM citrate 
solution at pH 6 containing 0.01% v/v Triton X-100 – the washing included: centrifugation at 16,100xg 
for 1min, removal of supernatant and re-suspension of the pelleted particles by ultrasonic treatment for 
10min. For complete re-suspension of the particles, pelleted particles were further treated with ultrasoni-
cation for 30min and stirred at 1000rpm for 1h.
A 650µl aliquot of the so-treated suspension was withdrawn for determination of particle concentration, 
while the remaining suspension was stored in 50mM citrate solution at pH 6 containing 0.01% v/v Triton 
X-100 protected from light at 4°C until use.
6.5.3 Hydrolysis via esterase reaction
Esterase activity assay
The activity of esterase from porcine liver (PLE) was determined by measuring the hydrolysis of p-nitro-
phenyl acetate (pNPA, at 0.2mM) in a 50mM phosphate buffer solution at pH 6 or 7.5 in a total volume of 
150µl. The reaction was observed at 25°C overtime via the concentration of produced 4-nitrophenolate by 
measuring continuously (one read per minute) the absorbance at 405nm in a 96-well plate using a Synergy 
H1 plate reader. The reaction rate in U/l was determined through a calibration curve of 4-nitrophenolate. 
Free FDA and esterase
In a total volume of 150µl, increasing concentrations (up to 9µM) of FDA-APTES and fluorescein-APTES, 
respectively, were incubated with and without PLE at a concentration of 30µg/ml (corresponding to 0.5U/
ml) in a phosphate buffer solution (at 50mM, pH 6) in 96-well plate (black). The fluorescence intensity of 
active fluorescein was continuously measured for 2h at 37°C with λEX at 490nm and λEM at 520nm using 
a Synergy H1 plate reader. 
FDA-particles and esterase
In a total volume of 2.6ml, FDA-containing VIPs at a concentration of 1mg/ml were incubated with and wit-
hout PLE at 5U/ml in 10mM MES pH 6, 0.01% v/v Triton X-100, 7mM citrate at room temperature under 
stirring at 400rpm. Aliquots of 0.8ml were taken after immediately, 18h and 36h after mixing. The aliquots 
were washed with 100mM citrate solution at pH 7 containing 0.01% v/v Triton X-100 – the washing inclu-
ded: centrifugation at 16,100xg for 1min, removal of supernatant and re-suspension of the by stirring at 
1000rpm and at 37°C for 1h. Afterwards, the particle suspension was centrifuged at 16,100xg for 1min. 
The resulting supernatant was tested for the total protein concentration via the commercial Bio-Rad® 
Protein assay based on Bradford. The pelleted particles were re-suspended in 100mM citrate solution at 
pH 6 containing 0.01% v/v Triton X-100 by stirring at 1000rpm and at 25°C for 1h and sonication for 1h. 
A 650µl aliquot of the so-treated suspension was withdrawn for determination of particle concentration, 
while the remaining suspension was stored in 50mM citrate solution at pH 6 containing 0.01% v/v Triton 
X-100 protected from light at 4°C until use.
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6.6 Detection of NorVLP via functionalized particles
6.6.1 NorVLP detection by imprinted βgal-SNP
In a total volume of 100µl, βgal-SNP at a concentration of 1.4mg/ml, interacted with a determined con-
centration of NorVLP in binding buffer (10mM MES, 10mM citrate, 50mM NaCl, pH 6.2), The interaction 
assays were incubated at 25°C under stirring at 650rpm for 30min. Subsequently, 100µl aliquots of the 
interaction assays were transferred in duplicate on a 96-well plate (black) and mixed with 100µl of MUG 
(1.5mM in binding buffer). The fluorescence intensity of the released MUB was measured continuously for 
2h at 40°C with λEX at 360nm and λEM at 460nm using a Synergy H1 plate reader. 
6.6.2   NorVLP detection by imprinted phosphatase particles 
Separate mode
In a total volume of 120µl, VIPcat at a concentration of 791µg/ml interacted with a determined concentra-
tion of NorVLP and 58µg/ml of skim milk in binding buffer (10mM phosphate, 10mM citrate, 50mM NaCl, 
at pH 6.2). The interaction assays were incubated at 25°C under stirring at 650rpm for 30min and stopped 
through centrifugation at 16,100xg for 30sec. The resulting supernatant was withdrawn for the quantifi-
cation of unbound NorVLP via indirect ELISA (see 6.3.3), while the pelleted particles were re-suspended in 
60µl of solution containing 58µg/ml skim milk and activity buffer (10mM phosphate, 10mM citrate, 50mM 
NaCl, pH 5). These suspensions were mixed with 60µl substrate (pNPP at 6mM) and incubated at 37°C 
under stirring at 650rpm for 1h. The enzymatic reaction was stopped through centrifugation at 16,100xg 
for 1min. The 75µl of the resulting supernatant was mixed with 1N NaOH in a 96-well plate and tested for 
the concentration of produced 4-nitrophenolate by measuring the absorbance at 405nm using a Synergy 
H1 plate reader. The remaining supernatant was withdrawn for the determination of NorVLP, which was 
released during the incubation, via indirect ELISA (see 6.3.3). 
Continuous mode 
In a total volume of 200µl, the particles (VIPcat, NIPcat or SNPcat) at a concentration of 0.4mg/ml with 
0.01% v/v Triton X-100 interacted with a determined concentration of NorVLP and 25µg/ml of skim milk 
in binding buffer (10mM phosphate, 10mM citrate, 50mM NaCl, pH 6.2. The interaction assays were in-
cubated at 25°C under stirring at 650rpm for 20min. Subsequently, 75µl aliquots of the interaction assay 
were transferred in duplicate on a 96-well plate and mixed with 75µl of pNPP (12mM in binding buffer). 
The concentration of produced 4-nitrophenolate was determined over a time frame of 750min at 25°C 
by measuring the absorbance at 405nm using a Synergy H1 plate reader. The reaction rate in U/g was 
determined through a calibration curve of 4-nitrophenolate and subsequent division by the particles con-
centration. To avoid evaporation, samples were put in the middle of the plate, while the remaining empty 
wells were filled with water. 
The effect of TYMV on the phosphatase activity of VIPcat was determined through performing the same 
assay as described before by using TYMV instead of NorVLP.
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6.6.3 NorVLP detection with fluorescent particles
The interaction assay had a total volume of 160µl and contained the fluorescent VIPs (VIP_F*, VIP_FDA 
and VIPest) at a concentration of 0.2mg/ml, 0.01% v/v Triton X-100, 25µg/ml of skim milk and a deter-
mined concentration of NorVLP in binding buffer (10mM MES, 10mM citrate, 50mM NaCl, pH 6.2). Before 
adding the proteins, particle suspensions were treated with sonication for 10min. The interaction assays 
were incubated at 25°C under stirring at 750rpm for 20min. Subsequently, the fluorescence intensity of a 
150µl aliquot of the interaction assays was measured continuously for 30min at 25°C with λEX at 490nm 
and λEM at 520nm in 96-well plate (black) using a Synergy H1 plate reader. 
6.7   Appendix - Prepartation of fluorescein modified APTES
Fluorescein-APTES was synthesized following the protocol reported by Feng7. First, 600mg of FITC (1) 
was dissolved in 30ml anhydrous ethanol and allowed to react with 396µl of APTES (2) for 6h under stir-
ring in a dried flask under a dry nitrogen atmosphere and protected from light. In this reaction, the amino 
group of the silane coupling agent APTES reacts with the isothiocyanate group of FITC to form N-1-(3-trie-
thoxysilylpropyl)-N′-fluoresceylthiourea, here called fluorescein-APTES (3), see equation 1. The resulting 
mixture was then precipitated into 300ml heptane. Ethanol was evaporated under vacuum and the remai-
ning suspension was centrifuged at 4000rpm for 15min. The resulting supernatant was removed and the 
pellet washed with heptane to remove remaining APTES. After re-suspending the pellet in heptane again, 
suspension was dried under vacuum. 
Equation 1: APTES-conjugation on FITC
The dried fluorescein was converted to the diacetate via an adjusted protocol commonly used for esteri-
fication. First, 56µl acetyl chloride, 120mg of FITC-APTES and 1mg of 4-(dimethylamino)pyridine (DMAP) 
were mixed in 4ml of DMF and stirred overnight at room temperature. In this reaction, acetyl chloride re-
acts with carbonyl group of the ester in the fluorescein part of fluorescein-APTES (3) to form the acetylated 
fluorescein-APTES (4), see equation 2. This process was followed via TLC (DCM/methanol 8/2). A satura-
ted solution of NaHCO3 (3ml) was slowly added to the mixture to quench the reaction. The product was 
extracted with chloroform (2x2ml) into the organic phase. After separating the layers, the organic phase 
was washed with slightly acidic water (at pH 6) (3x2ml), dried over anhydrous Na2SO4 and concentrated 
under reduced pressure to obtain the final product. 
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Equation 2: Synthesis of FDA-FITC-APTES conjugate out of fluorescein-APTES
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